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THE Engineering Experiment StaboQ was eetablished b; act of the 
Board o£ Trustees, December 8, 1903. It is the purpose of the 
Station to carry on investigations along tarious lines of engineer^ 
ing and to study problems of importance to professional engineers and 
to the manufacturing, railway, mining, constructicmal, and industrial 
interests of the State. 

Tie control of the Engineering Experiment Station is vested in the 
heads of the several departments of the College of Engineering. These 
constitute the Station Staff and, with the Director, determine the char- 
acter of the investigations to be undertaken. The work is carried on 
under the supervision of the ^StafT, sometiuies by research fellows as 
graduate work, sometimes by members of the instructional staff of the 
College of Engineering, but more frequently by investigators belonging 
to the Station corps. 

The results of these investigations are published in the form of 
bulletins, which record mostly the experiments of tiie Station's own staff 
of investigators. TJbere will also be issued from time to time in the 
form of circulars, compilations giving the results of the. experim^ents of 
engineers, industrial works, technical institutions, and governmental 
testing departments. 

The volume and number At the top of the title page of the cover 
are merely arbitrary numbers and refer to the general publications of 
the University of Illinois; eithsr above the title drT?elowihe seal is given 
the number of JjSngineering Experimeni Station bulletin or ckotdar, 
which should he used in referring to these publications. 

For copies of bulletins, circulars, or other information address the 
Engineering Experiment Station, Urhana, Illinois. 
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THE TBACTIVE RESISTANCE OP A 28-TON ELECTRIC CAR. 

I. Introduction. 

1. Purpose, — ^Three series of tests have been conducted by the 
Bailway Engineering Department of the University of Illinois to deter- 
mine the resistance offered to the motion of a 28-ton electric interurban 
car running on straight, level track, in still air at uniform speed ; and 
to ascertain the relation existing between that resistance and the speed 
of the car. The first part of this bulletin describes the purpose, methods, 
and final results of the tests, but all details not essential to an under- 
standing of the general methods and results are excluded. In the three 
appendices details are given concerning the apparatus, the methods of 
calculation, the test data, and the intermediate results. 

2. Dsfinition of Terms. — ^By the terms "resistance," "train 
resistance," and "car resistance" used in this bulletin is meant the 
number of pounds of tractive effort required at the rims of the driving 
wheels for each ton of train or car weight, to keep it moving at uniform 
speed on straight level track in still air. Such resistance data is 
employed in determining railway motor capacity, power consumption, 
and possible schedule speeds of a car or train of cars. 

3. Acknowledgments. — ^The interest and co-operation of the oflBcials 
of the Illinois Traction System have made it possible to carry out these 
tests over the lines of that road, and members of the Railway Engineer- 
ing Department staff who have been concerned with this investigation 
thoroughly appreciate such interest and assistance. 

The tests were planned by Professor Edward C. Schmidt, in charge 
of the Department of Railway Engineering, and they have been carried 
out under his general direction and supervision. He has also directed 
the work of the final computations, and reviewed the manuscript of the 
report. The tests of groups A and B were made under the direct super- 
vision of Mr. Edgar I. Wenger, formerly Associate in the Department 
of Railway Engineering, and the preliminary calculations for these tests 
were made under his direction. The tests of group C and their prelim- 
inary calculations were made with the assistance of Mr. Daniel C. 
Paber, formerly a Research Fellow in the Engineering Experiment 
Station. 



Digitized by 



Google 



4 ILLINOIS BNOINEERINQ EXPERIMENT STATION 

II. SUKKABT. 

Eighteen tests made on selected sections of tangent track are 
described. The track upon which the tests were made is of good con- 
struction, such as one would expect to find on the better grade of inter- 
urban electric railways. The weather during the tests was generaUy fair. 
The average temperature was not below 26** F., and the wind velocity 
did not exceed 26 miles per hour. The test car used is described in 
detail in Appendix I. 

The general plan was to run the test car backward and forward 
over the chosen track section at a variety of speeds^ but maintaining 
approximately the same constant speed during each pair of opposing 
runs. The tests comprise in all 269 resistance determinations of which 
131 have been calculated from runs during which the wind opposed the 
motion of the car, 130 from runs during which the wind helped the 
car^ and 8 from runs made when no wind was blowing. During the 
two tests of group A, comprising 45 resistance determinations, opposing 
runs have been separated by a considerable time interval during which 
wind and weather conditions might change; but through changes made 
in the method of making the tests, opposing runs for the remaining tests 
have been separated by a small time interval. 

Each test, consisting of a number of "runs,*^ resulted in a number 
of values of average net car resistance which have been plotted with the 
corresponding average speed, giving diagrams such as Pig. 3. Through 
the two groups of points representing the results of runs in opposing 
directions, curves have been drawn between which a final mean curve 
has been decided upon. By this method wind resistance has been elim- 
inated as nearly as may be from the results. The curves thus determined 
have been accepted as the results desired from the individual tests and 
have been grouped in Pig. 1. A final mean curve has been drawn there 
and repeated as Pig. 2, which represents the average relation between 
resistance and speed for all the tests. 

The results of the individual tests are shown in Pigs. 10 to 19 
and Tables 3 to 12, inclusive, in Appendix III. The final results 
of the investigation are presented in Pig. 1, Table 2, and in formulae 
1 and 2, page 20. 

It is believed that Pig. 1, Table 2, and formulae 1 and 2 provide 
expressions for the mean relation between the speed and the resistance 
of the car to which these tests apply, when it runs on tangent level 
track of good construction, at uniform speed, and in still air. The 
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DUNN — ^RBSISTANCE OP A 28-TON BLBOTRIO CAR 5 

greatest yariation from these mean values under these conditions was 
about 9 per cent 

If application is made of these results to predict the resistance of 
any car of similar design and weight it should be borne in mind that 
the results apply to tests made with a car whose running-gear was in 
excellent condition, and that the tests were run in weather when the 
temperature was above 25** F. 

III. Means Employed in Conductino the Tests. 

4. The Electric Test Car. — ^The data for this report have been 
obtained by means of the electric test car belonging to the Railway 
Engineering Department of the University of Illinois. It is a standard 
45-foot interurban car of the double end type, weighing, complete with 
equipment, 55 150 pounds, subject to correction on account of changes 
in the equipment at different times. The cross sectional area of the 
car body and trucks is 90 square feet. 

The motor equipment consists of four 50-hor8epower, axle mounted, 
number 101-D Westinghouse direct current motors, geared to the axle 
in the ratio of 22 to 62. The Westinghouse unit switch system of 
multiple control is used. 

The trucks, which are of the C-60 type of the Standard Motor Truck 
Company, are placed 23 ft. 3 in. between centers and have a wheel base 
of 6 ft. 4 in. The wheels are 33 in. in diameter and have the standard 
Master Car Builders* tread and flange, and the journals conform to 
the 4% in. X 8 in. standard of the same association. A more complete 
description of the car will be found in Appendix I. 

5. The Recording Apparatus. — By means of the apparatus within 
the car a continuous graphical record of current, voltage, speed, time 
by 5 second intervals, distance traversed, brake cylinder pressure, and 
location on the road may be kept. These records are drawn upon a 
chart 40 inches wide which is made to pass under the recording 
pens at a rate proportional to time or distance. Other data taken during 
this investigation, but not recorded upon the chart, are described on 
page 11. Fig. 9 shows a copy of a portion of the chart from test 121. 
The transverse lines which mark one of the sections selected for calcu- 
lation and some of the explanatory lettering do not appear on the original 
record, and the records as shown in Fig. 9 are grouped more closely 
together than on the original chart. A more con^plete description of 
the recording apparatus is to be found in Appendix I. 

6. TTie Track. — This investigation was carried out on the tracks 
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6 ILLINOIS ENOINBEBINO EXPERIMENT STATION 

of the Illinois Traction System between Danville^ UrbaDa, Champaign, 
Decatur, and Springfield — a single track line of good construction over 
which an hourly service is maintained between the points named. 

That part of the line between Danville and Urbana, 32 miles in 
length, was laid during 1903 and 1904 with rO-pound A. S. C. E. 
section rails except for 9 miles near Urbana, where 60-pound A. S. C. E. 
1901 section rails were in use at the time these tests were made. All 
rails were laid on oak cross-ties spaced about 24 inches between centers 
and ballasted with gravel and cinders. This track had between 2 and 3 
years in which to become settled before the tests were started. The 
track between Champaign and Decatur was laid in 1906 and 1907 with 
70-pound A. S. C. E. section rails laid on oak, elm, and chestnut cross- 
ties spaced about 24 inches between centers and ballasted with gravel. 
When tests were made over this track it was well settled and in first- 
class condition. The line between Decatur and Springfield was laid 
in 1905 and is in all respects similar to that between Champaign and 
Decatur, except that part of the track is ballasted with cinders. 

A survey of the Danville-Urbana line was made by the Bailway 
Engineering Department of the University immediately preceding these 
tests and the results expressed in a profile drawn to a scale of ^-inch 
to 100 feet. Elevations were taken on the north rail to 0.1 ft. at stations 
300 feet apart, and turning points were taken at every fourth station 
where levels were read to 0.01 ft. The exact distances between all 
trolley line poles were recorded and incorporated in a table from which 
all distances, such as those between section limits, were determined. 

For the purpose of this investigation certain long sections of com- 
paratively level and well ballasted tangent track on the Champaign- 
Decatur-Springfield line were selected and surveyed by the Railway 
Engineering Department of the University. The results of these surveys 
were expressed in profiles, drawn to a scale of ^-inch to 100 feet, which 
were used in making the calculations. 

IV. Test Conditions and Methods of Test. 

7. Test Conditions. — The tests were all run during moderate 
weather. With four exceptions they were made on clear days only and 
on dry track. Data in regard to wind velocity and direction were obtained 
from United States Meteorological stations at Urbana, Springfield and 
Peoria, and during one group of tests, designated as group "C," these 
data were supplemented by wind determinations made by means of a 
portable wind vane and anemometer set up beside the test track. 
Tables 3 to 12 inclusive in Appendix III show that the approximate 



Digitized by 



Google 
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average wind velocities prevailing during the tests varied from to 26 
miles per hour. The lowest average air temperature recorded during 
any test was 25"* F., and the highest recorded temperature was 80** P. 

Table 1 
A Summary of Test Conditions 
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The track sections selected for the tests are all straight and they 
vary in length from 250 to 10 000 feet. The majority of the tests were 
made on sections varying in length from 1000 to 1500 feet. Other 
requirements to be met by the sections were that the grade should be 
comparatively light and uniform, and that the track should be well 
baUasted and in good condition. While on the road the car was always 
in charge of a regular train crew provided by the Illinois Traction System. 

8. Calibrations, — Preceding the commencement of the tests, all 
instruments were calibrated and at intervals during the investigation 
check readings were taken by means of indicating instruments in the 
same circuits as the recording instruments. Wherever possible, the 
results of these calibrations were expressed in the form of equations or 
tables as well as curves, and in making the calculations one of the two 
former was used in place of taking readings from curves. Owing to 
changes made in the apparatus during the tests, more than one calibration 
was necessary for several of the instruments. 
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8 ILUN0I8 BNOINKBRING EXPERIMBKT STATION 

9. General Plan of the Tests. — The test car records give quantities 
from which the gross resistance offered to motion of the car over a 
given section of track must first be calculated. The result desired from 
each run is that element of gross resistance which is always operating 
to retard a moving car or train; namely, the net resistance on straight 
and level track, at uniform speed, in still air. The other elements, one 
or more or none of which may be acting with the net resistance to 
form gross resistance, are: Resistance due to grade, resistance due to 
acceleration, curve resistance, and wind resistance (as distinguished from 
still air resistance). The tractive effort consumed by grade and acceler- 
ation may readily be determined by calculation, and the tests herein 
reported were so planned as to eliminate the two remaining elements. 
Curve resistance has been eliminated by selecting for calculation only 
those sections of chart made while the car was running on straight 
track. It is thought that by the procedure explained below the effect 
of wind resistance upon the final result has been reduced to a minimum. 

The car was first run in one direction and then in the other over 
a given track section, at as nearly uniform speed as possible. A series 
of such runs, made at speeds varying through as wide a range as possible, 
constituted a test. Each run results in a value of average net car 
resistance which, when plotted with the corresponding average speed, 
becomes one point on a resistance-speed plot such as is shown in Pig. 3. 
By the to and fro motion of the car the wind alternately helps and 
opposes its motion and thereby decreases or increases its resistance. The 
resistance values from each test therefore fall into two groups, one of 
which represents values of resistance running with the wind, while the 
other represents values running against the wind. 

In the figures, those points applying to runs with the wind are 
shown as solid dots, while the points applying to nins against the 
wind are shown as open circles. By methods which are described on 
pages 13 and 14, a mean curve has been drawn in each figure which 
represents the values of resistance with the influence of wind eliminated. 
These mean curves have been accepted as the desired resistance curves 
for the individual tests and have been grouped together as Fig. 1. An 
average curve obtained from this group, by the method described on 
page 20, has been repeated as Fig. 2 and accepted as the final curve of 
resistance for this 28-ton electric car under the conditions described. 

As a result of slight variations in the methods of conducting the 
tests, they fall into three groups designated as A, B and C, which differ 
m the effect their conditions have on the assumptions regarding wind 
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DUNN — ^RESISTANCE OF A 28-TON ELECTRIC OAR 11 

lesistance^ in the methods of obtaining certain data, and in the speed 
range. 

10. Oroup A. — Those tests comprised in group A were through 
runs from IJrbana to Danville^ 32 miles^ and return. During any test 
of this group only one set of opposing runs was made on any given 
section and such opposing runs were separated by a considerable time 
interval, since it took over an hour to run from Urbana to Danville 
or to return. 

Test 23-24 is characteristic of this group. The results are shown 
in Table 4 and Fig. 11, which has here been repeated as Fig. 3. The 
recording apparatus was kept in operation throughout the trip and 
the following data recorded graphically upon the chart: 

a. Current used by the motors. 

b. Trolley line voltage. 

c. Speed of the car by electrical recorder. (See App. I.) 

d. Time by 5 second intervals. 

e. Location upon the road. 

/. Distance by 50 ft. intervals. 

g. Brake cylinder pressure. 
The following data were taken but not recorded graphically : 

A. Average wind velocity and direction. 

Jc. Air temperature. 

L Rail condition. 

m. Weight of car and load. 
Item e, the location of the car on the road, by means of which it 
is possible to correlate any position of the car with the profile of the 
road, was made by marking upon the chart the position of numbered 
trolley line poles, stations, or other markers as they were passed by a 
given point on the car. The brake cylinder pressure, item g, was recorded 
in order to make it possible to distinguish and to avoid those periods 
during the tests when the brakes were applied. Data regarding average 
wind velocity and direction, item h, were obtained from United States 
Weather Bureau Stations. Fig. 9, page 27, has been reproduced from 
a tracing of a portion of the chart for test No. 121. 

Sections of chart were selected for calculation by comparison of 
the profile and chart as described in Appendix II. In general, the 
requirements to be met by the chosen chart sections are that the car 
shall be running on straight track, that no brake applications be made, 
that there be no heavy grades between the section limits, and that there 
be no considerable voltage, current or speed variation. They were chosen 
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12 ILLIK0I8 ENOINBEBIKG BXPERIMSNT STATION 

80 that the speed range covered was as large as possible and so that 
the number of sections from an east bound trip (XJrbana to Danville) 
would be balanced by the same or approximately the same number from 
the west bound trip. In this way the number of resistance detenninar 
tions made from data taken during runs against the wind were balanced 
by an approximately equal number from nms with the wind. From 
test 2d'24:, for example^ fourteen sections were chosen from the east 
bound and thirteen from the west bound trip. 

In all the tests reported in this bulletin the variations in speed in 
passing the track sections have exceeded 2 miles per hour in only 28 
per cent of the total number of resistance determinations, and in only 
24 cases out of 269 has this speed variation exceeded 5 miles per hour. 
The maximum variation over any section was 9.95 miles per hour. 

Each of the chosen chart sections has afforded, through calculations 
made with the data there recorded, a value of average net car resist- 
ance. The calculations are described in Appendix II. The steps in 
the process are here stated briefly. The average values of current and 
voltage were found for each section by determining the average ordinates 
of the curves. This data, with the time required for the car to pass 
the track section, and the eflSciency of motors and gears at the above 
current and voltage, made it possible to calculate the energy in foot 
pounds delivered by the current to the driving wheels of the car. The 
energy thus determined was then corrected for grade and acceleration 
resistances, thereby giving the net energy absorbed by car resistance, 
from which the average net car resistance in pounds per ton was readily 
obtainable. In order to make the grade correction it was first necessary 
to determine the elevation of the center of gravity of the car as it 
entered and again as it left the track section. The correction for accel- 
eration was calculated from the speeds determined by the heights of 
the speed curve at the points of entrance and exit. For this purpose 
determinations were made of the force required to produce accelerations 
in the rotation of the revolving parts as well as of the force required to 
produce the acceleration in the motion of translation of the car as a 
whole. 

From each test a number of chart sections have been chosen and, 
as has been stated, each section has resulted in a value of average net 
car resistance which has been plotted with the corresponding average 
speed, thereby giving diagrams such as Fig. 3. Due to the method of 
selecting chart sections from opposing runs, the points on each such 
resistance-speed plot fall into two groups as previously explained. The 
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numbers beside the points are the item numbers from the tables in 
Appendix III. 

In drawing the carve to represent the results of the individual tests 
Hie two groups of points were first considered separately and a curve 
drawn for each. Thus^ for example^ curve A, Fig. 3^ was drawn to 
represent the relation between resistance and speed for all the runs of 
test 23-24 during which the wind opposed the motion of the car^ and 
curve B for the opposite condition. In order to draw these curves the 
plotted points were considered as being subdivided into a number of 
smaller groups^ for each of which averages of speed and resistance were 
determined and plotted. Through the points representing these averages 
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Fia 3. The Relation of Resistance to Speed for. Test 23-24. 

the curves were drawn. The groups of points were chosen so that 
the resulting average points would be distributed at about equal intervals 
throughout the speed range. The next step was to draw a mean curve 
such as C, Fig. 3, which would represent the relation existing between 
resistance and speed in still air. Since investigations indicate that the 
resistance oflfered by wind varies with the square of the speed, an arith- 
metical mean would not satisfy the conditions. Accordingly, an equation 
taking account of this fact has been derived (see Appendix II, page 34) 
and by means of it the ordinates of points on the mean curve have 
been calculated from the ordinates of the A and B curves at the same 
speed. The mean curves drawn by this method agree much more closely 
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than do those curves drawn as arithmetical means between the A and B 
curves^ and it has consequently been assumed that the meiliod used 
has resulted in curves more accurately representing the resistance in 
still air than would have been obtained by using the arithmetical meanfi. 

The six curves thus obtained from tests of groups A and B, and 
the four from group C which were drawn by another method, were then 
superimposed upon each other in order to determine the characteristic 
form, and the individual curves were then modified, to conform to that 
general shape. The cur>^es drawn in this manner. have been accepted 
as the results desired from the individual tests. 

In group A there are two tests, namely 15-16 and 23-24, comprising 
together a total of 45 resistance determinations. The .results are shown 
in Figs. 10 and 11 and Tables 3 and 4 in Appendix III. 

11. Oroup B, — The tests belonging in group fl, differ from those 
in group A in the method of making the tests aif^liiti the effect this 
change in method has upon the assumptions regarding wind resistance. 
Whereas opposing runs from tests of group A were separated by a 
considerable time interval during which wind conditions might change^ 
the tests of group B were planned so that the time interval between 
opposing runs would be as small as possible. A well kept section of 
track 1495 feet in length and located on the Urbana-Danville line was 
chosen for this purpose. The limits of this section, between which there 
was a difference in elevation of 0.56 feet, were defined by markers and 
offsets were made in the location record on the test chart as thev 
were passed by the car. These points located the chart section to be 
calculated for each run. During any test the cax was run back and 
forth over this section at a variety of speeds, each pair of opposing 
runs being made at approximately the same uniform speed. Data exactly 
similar to that obtained during the tests of group A were taken during 
each run. The reasons enumerated on pages 11 and 30 for the rejection 
of any chart section apply also to the runs of this group of tests. 
Through calculations made in the same way as has been described for 
the previous group, each run has resulted in an averttge value of net 
car resistance for tlie average speed at which tlie caifc passed the track 
section. These have been plotted and curves drawn by the method 
described for group A. 

There are four tests in group B, namely, 73-74, 77-78, 91-92 and 
95-96. The results are given in Figs. 12 to 15 and Tables 5 to 8, inclusive, 
in Appendix III. 



Digitized by 



Google 



DUNN — BESISTANOE OP A 28-TON ELBOTRIO OAR 15 

12. Oroup C. — ^The principal points of diflEerence between the tests 
of this and of preceding groups lie in the method of obtaining certain 
data, in the plan of grouping the results from two or more tests made 
on the same track section, and in the method of drawing the final 
curves. 

Track sections, each comprising two or more tangents varying iu 
length from 338 to 1320 feet, were chosen so as to meet the same 
requirements as those prescribed for the tests heretofore described. They 
liave been designated by letters as follows : 

D: Approximately 2680 feet long, located near IJrbana 

on the Danville-Urbana line. 
W: About 3700 feet in length, located near White Heath 

on the Champaign-Decatur line. 
S: About 4100 feet long, located near White Heath od 

the Champaign-Decatur line. 
R lftR*l: Approximately 3000 feet long, located near 

Eiverton on the Decatur-Springfield line. 
R No. 2 : About 4500 feet in length, located near Bement 
on the Champaign-Decatur line. 
During each test the car was run back and forth over the chosen 
track section, as during the tests of group B, so that opposing runs 
were separated by a small time interval as in that group. Throughout 
each run the recording apparatus was kept in operation and data 
taken which were similar to those obtained during the tests that have 
been described, although the method of taking them was in some cases 
different. Changes made in the instrument equipment were as follows : 

For the tests of groups A and B line voltage was recorded; but 
during the tests of group C connections were changed so that the record 
was that of voltage across the terminals of one motor. This change was 
made to facilitate calculations. 

A Boyer mechanical speed recorder was installed in addition to 
the electric recorder described in Appendix I, and the record made by 
it has been used in the calculations. Both instruments were driven 
from the same shait. 

A portable i^dvane and anemometer were used during these tests 
to determine wind direction and velocity. These instruments were set 
up beside the test track and readings were made at intervals during 
the tests. By this means much more accurate determinations were 
made than could be obtained from the Weather Bureau reports. 

It was found upon the completion of the tests of groups A and B 
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that a low enough speed range had not been obtained and steps wBre 
therefore taken to supply this deficiency on subsequent tests. Two 
water rheostats were connected in the trolley circuit for the control of 
the motor voltage and the speed was held as nearly as possible at a 
constant predetermined value by the operator, who had for his guidance 
an ammeter in series with the speed-recording ammeter. 

From the record of each run made over the test track, chart sections 
were chosen for calculation in accordance with the requirements stated 
on page 14 to conform to the characteristic shape. The resistance carves 
groups A and B. Each such chart section has resulted in one point 
on a resistance-speed plot such as Fig. 16, Appendix III. The results 
of all tests made on any given track section have been grouped together 
as, for example, track section D, on which tests 109-110, 111-112 and 
113-114 were made. Inasmuch as the resistance-speed points in P^g*. 
16 have been derived from the results of tests made under some- 
what different weather and wind conditions, it was found impracticable 
to draw the final curve in the same manner as for groups A and B. 
Consequently, in place of following the method described on page 13, 
the points on each resistance-speed plot, irrespective of the wind effect, 
were assumed to be divided into a number of groups, for each of which 
arithmetical averages of the values of speed and resistance were deter- 
mined and plotted. These groups of points were chosen so that the 
resulting averages would be distributed at about equal intervals through- 
out the speed range. Through them the curve representing the relation 
between resistance and speed was drawn and later modified as described 
on page 14 to conform to the characteristic shape. The resistance curves 
thus derived, which are shown in Rgs. 16 to 19 inclusive, have been 
accepted as the results desired from this group of tests. 

It is recognized that this method of drawing the resistance curves 
is a deviation from the general plan followed for the preceding tests, 
but Fig. 1 shows that this deviation has brought about no greater vari- 
ation of the individual curves from the mean curve MM than is found 
among those drawn as described on page 13. This may be accounted 
for by the fact that the wind velocities prevailing during the tests in 
question (see column 7, Table 1) were on the whole less than those 
prevailing during the preceding tests, and that consequently the resist- 
ance-speed points for runs with and against the wind were closely 
interwoven. Had the tests of group C lent themselves to the plan 
described on page 13, the curves with and against the wind would have 
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been quite doee together^ and the mean corves determined by the two 
methods would not hare differed greatly. 

It will be noted that the numbers of the tests here included are 
not consecutiTe. Some of the tests bearing the interyening numbers 
were made for other purposes, but a considerable number were made 
for the purpose of this investigation and were later discarded for various 
reasons. Of the latter the greater number were omitted because an 
insufficient number of runs were made over the track sections to accu- 
rately determine a curve. This was occasioned by the necessity of running 
the car on sidings to allow regular cars to pass. Others were discarded 
because it was impossible to choose a sufficient number of chart sections 
that would meet the requirements, and still others were in the nature 
of preliminary runs. 

y. Bbsultb of the Tbstb. 

13. Results of the Individual Tests. — ^The results of the individual 
tests are shown in the form of resistance-speed curves in Figs. 10 to 19 
and Tables 3 to 12, inclusive, in Appendix III. 

These tests, without exception, show a marked increase in resistance 
as the speed increases. The effect of wind resistance is clearly shown 
by a comparison of Figs. 10 to 15 inclusive, which have been derived 
from tests of groups A and B. For those tests during which a heavy 
wind alternately opposed and helped the motion of the car, the two 
curves, such as A and B (Fig. 3), drawn to represent the results of runs 
in opposite directions, are some distance apart, while for tests during 
which the wind was light these curves are quite close together. Figs. 
15 and 10 illustrate this difference. Fig. 15 has been derived from 
test 95-96 during which the component of the average wind velocity 
parallel to the track was 15 miles per hour while Fig. 10 has been 
^derived from test 15-16 during which that component was 7 miles per 
hour. 

Had the wind velocity and direction remained precisely alike during 
all runs of a test, then the components of the wind velocity parallel to 
the track would have been of like value and the process of drawing 
the mean curve for the test would be valid in so far as the fundamental 
assumption underlying this process is in itself valid. The wind velocity 
and direction did not remain precisely constant during all runs of a 
test, however, and the resulting mean curves are consequently slightly 
in error. No method of eliminating this error or of evaluating it has 
presented itself. 
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The component of the wind velocity which is perpendicular to the 
test track increases gross resistance, irrespective of the directioii in 
which ihe car is running, by pressing the flanges of the car wheels 
against the head of the rail, thereby increasing the f rictional resistance. 
No method has been found for evaluating its eflfect upon the final resist- 
ance values and it is therefore included in the accepted results. Obviously 
it is one cause for the variations among the resistance curves as well as 
for the variations among the individual resistance-speed points. 

Due in part to the reasons just mentioned, the points in any of 
the resistance-speed plots may vary considerably from the final mean 
curve for that test. The maximum variation of any point from the 
mean is approximately 90 per cent. Any comparison of variations from 
the mean made to determine the agreement of the results among tiiem- 
selves should, however, be confined to the results obtained from runs 
in one direction only. Such a comparison among the resistance deter- 
minations for tests of groups A and B shows variations which, though 
large in some cases, are not unusual for this class of experimental work. 
The maximum variation from the mean for the first two groups of tests 
occurred during test 23-24 (Fig. 3). Point 9 varies 42.5 per cent 
from mean curve B. The next largest variation is 24 per cent, while 
the average is much less than thai A very small percentage of ihis 
variation may be due to accumulated errors in instruments or in the 
calculations, although all reasonable precautions have been taken to 
avoid such errors. Each step in the process of making the calculations 
and producing the tables and curves has been duplicated at a different 
time and usually by a different person, and in all cases where the cal- 
culated value of resistance differed greatly from the mean all calculations 
leading thereto were repeated. The influence of such variable and 
uncontrollable elements of net resistance as flange friction, journal fric- 
tion, instantaneous changes in velocity and direction of the wind, and 
changes in the lubrication of bearings and gears, is believed to be sufficient 
to account for the differences shown in the curves here presented. The 
variations of the points in Figs. 16 to 19, inclusive, are chargeable to 
the differences in the test conditions that are represented on those resist- 
ance-speed plots as well as to the above-mentioned causes. 

14. Results of All the Tests, — The six resistance curves for the 
individual tests of groups A and B, and those representing the results 
obtained on the four track sections of group C, have all been brought 
together in Fig. 1.* In view of the number and character of the elements 

*Each curve has been marked with the test number or letter corresponding thereto. 



Digitized by 



Google 



mrNN — ^RESISTANCE OP A 28-TON ELECTRIC CAB 



19 



of net resistance that can not be controlled, the differences among the 
curves there shown are not greater than might be expected. For speeds 
up to 20 miles per hour the maximum variation among the resistance 
values from the different curves is about 13 per cent, between 20 and 
30 miles per hour this variation is approximately 17 per cent, while 
above 30 miles per hour it approximates only 20 per cent 

Table 2 

Values of Resistance at Various Speeds, Derived From the Final 

Curve and the Curves for the Individual Tests. 

This Table Provides the Co-ordinates 

OF THE Curves in Figure 2. 
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The mean curve MM shown in Fig. 1 and reproduced as Fig. 2 
has been drawn to express the average relation between resistance and 
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speed for all the tests. To determine this carve^ the lesistanceB corre- 
sponding to a given speedy say 10 m.pJi.^ were taken from the individual 
curres of Fig. 2 and averaged. In this process each resistanoe valne 
was given a weight corresponding to the total number of resistance deter- 
minations represented by the curve from which it was taken. These 
averages were calculated at speeds varying by steps of 5 miles per hour 
and plotted in Figs. 1 and 2. Through them the mean curve MM has 
been drawn. The curve thus determined represents the final results 
obtained from this investigation. The values of resistance at various 
speeds have been detemnned from all the curves shown in Fig. 1 and 
they are presented in Table 2. The data there given are sufficient to 
accurately reproduce all the final resistance-speed curves. 

The final results have also been expressed in the form of an 
equation which is given as formula 1. This equation makes it possible 
to calculate resistance values that do not vary more than one-half of 
one per cent from those obtained from the curve MM. In this formula 
£ is the resistance expressed in pounds per ton and /9 is the speed in 
miles per hour. 

B = 4 + 0.222 8 + 0.00582 S» (1) 

This equation has been modified as shown in formula 2 to take more 
definite account of air resistance. In formula 2^ A is the cross-sectional 
area of the car expressed in square feet and Tf is the car weight in tons. 

B = 4 + 0.222S + 0.00181 ^5* (2) 

These formulae are the equations of a parabola which corresponds 
closely to the curve MM, In using these formxdae care should be taken 
not to extend their use to speeds much beyond the limits of the 
curve MM, 

15. Discussion of the Final Results. — ^The final results of this 
investigation are presented in Fig. 2, Table 2, and formulae 1 and 2, 
all of which express the mean relation between speed and resistance for 
the 28-ton car when running at uniform speed on tangent and level 
track of good construction, during weather when the temperature is not 
lower than 25** F., and when the wind velocity does not exceed about 
26 miles per hour. The curve MM (Figs. 1 and 2) is an average of 
curves derived from ten individual tests that have been run under 
conditions which, though they differ somewhat, are not at all unusual. 
Notwithstanding this difference in test conditions, the maximum variation 
of the individual curves from the mean curve MM is only 12 per cent 
(see Fig. 1). With the exception of that portion of the curve for 
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test 23-!^ which lies between 30 and 34 miles per honr^ the maximum 
Taiiation of the indiyidual cuires from the mean cnrve is only 9 per 
cent for all speeds above 30 miles per hour. At speeds below 30 miles 
per honr this variation is considerably less than 9 per cent. In other 
words, all cnrves from the individual tests lie within a narrow belt 
All points within this belt may very properly be considered to represent 
a relation between car resistuice and speed which is true under some 
nsTial conditions. 
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Fia 4. QncPASATivE DiAotAM OF Resistancb-Sfeed Cxtrvbs Calculated by 
Means op Seven Formulae Appucable to Elsctkic Rau^way Conditions. 

W = 2S TONS. A = 90 SQ. FT. N = L 

1. DAVIS. 5. LUNDIE. 

2. UNIVERSITY OF OUNOIS. 6. ARMSTRONa 

3. SMITH. 7. MAILLOUX. 

4. BLOCMl. 

If it is desired to estimate the resistance of any car which in 
weight and general design is similar to the car used during these tests, 
it is believed that the curve MM offers a basis for the prediction of 
such resistance, the accuracy of which will lie within the limits just 
stated; that is, it is believed that by ihe use of ihe curve MM net 
resistance may be predicted within about 9 per cent Obviously, in using 
the curve for such a purpose the conditions surrounding these tests 
muat be fully appreciated 
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In addition to the expression given for the resistance in still air, 
the tables and curves in Appendix III provide information as to the 
excess resistance due to wind. They show that during moderate weather 
and for wind velocities up to 24 miles per hour which directly oppose 
the motion of the car, the resistance may exceed that in still air by as 
much as 70 per cent at speeds below 30 miles per hour, and by 50 per 
cent at speeds above 30 miles per hotir. 

16. Comparison with Other Experiments. — For purposes of com- 
parison with the results of other investigations the following formulae 
are given, together with Fig. 4 : 

Davis^ R = 5 + 0.13 8 +^f'[^ + 0-1 (-^ — 1)] 

University of B = 4 + 0.222 S + 0.00582 8^. 
Illinois 

B = 4 + 0.222 8 + 0.00181-4-fl^. 

Smith* fi = 3 + 0.167 S + 0.0025 -^ 8*. 

^'i 
Blood» B = 6 + 0.13 a + (0.0014 + -i^ •) 5»». 

Londie* R = 4 + 0MS + ^^ 

Armstrong* g = --^ -f 0.03 ;S + ^y^' [1 + 0.1 (J^-l)] 

Mailloux' fi = 3.5 + 0.15 8 + ^•^^^+^■^^ 8' 

Notation : — R= Car resistance in pounds per ton. 
8= Speed of the car in miles per hour. 
|fc= Weight of the car in tons. 
N= Number of cars in the train. 

A= Effective cross-sectional area of the car body and trucks 
in sq. f i 

1. Street Railway Journal, 1904, v. 24, p. 1008. 

2. Proc. Amer. Inst. Elec. Eng., 1904, v. 28, p. 696. 
8. Proc. Amer. Soc. Mech. Eng., v. 24, p. 946. 

4. Street Railway Journal, 1902, v. 19, p. 667. 

6. Standard Handbook for Electrical Engineers, Section on Electric Traction, by A. H. 
Armstrong. 

6. Proc. Amer. Inst Elec. Eng., 1904, v. 28, p. 781. 
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APPENDIX I. 

The Electric Test Gab. 

The electric test car, by means of which the tests reported in this 
bulletin were made, was built under the direction of ihe University of 
Illinois and placed in operation in 1906. The equipment, which is for 
500-Yolt direct current operation, was placed so as to provide facilities 
for the instruction of students as well as for conducting investigations 
concerning various features of electric car operation. For this purpose 
the switch group, circuit breaker, limit switch and certain other parts 
of the equipment were placed within the car where their action under 
all conditions might readily be seen. The weight of the car with its 
equipment, subject to certain corrections, is 65 150 pounds. The cor- 
rectioDB referred to are necessitated by additions to the equipment and 
changes made therein at different times. The general d^ign of the 
car is shown in Figs. 5, 6 and 7. 

Car Body. — ^The car body, which is of the double-end type commonlj 
used in moderately heavy interurban service, was built by the Jewett 
Car Co., of Newark, Ohio. Its principal dimensions are given in Pig. 7. 
The cross-sectional area of the body and trucks is 90 square feet. 
The vestibides are of the round end type. Ball bearing center plates 
were installed between tests 29 and 30. 

Trucks. — ^The car body is moimted upon Standard Motor Truck 
Company C-60 type trucks whose main dimensions are : — 

Distance from center to center of trucks 23 ft. 3 in. 

Wheel base, 6 ft 4 in. 

Lateral play of axle journals, 3/16 in. 

Axle journals, 4^4 in. X 8 in. 

Diameter of wheels, 33 in. 

Weight of truck exclusive of electrical equipment, 7824 pounds. 

On one truck there are four rolled steel wheels, while those on the 
other truck are chilled cast iron. Both sets have the standard M. C. B. 
tread and flange. 

Motors. — On each truck are two number 101-D Westinghouse 600- 
volt, direct current motors, each one having a commercial rating of 
50 H. P. They are mounted on the axles and geared thereto in the 
ratio of 22 :62. The characteristic curves are shown in Pig. 8. 
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Fia 6. The Electric Railway Test Car. 




Fig. 6. Interi(» of Electric Railway Test Car. 
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Fic. 7. Plan and Cross Section of the Electric Railway Test Car. 

Control Equipment — The motor control equipment is that known 
as the Westinghouse unit switch system of multiple control. In this 
type of control the switches which make the necessary connections and 
short circuit the starting resistances are operated by compressed air from 
the brake reservoir. The valves which control the air are operated from 
the master controller through the medium of magnets and a low volta^ 
storage battery circuit. Acceleration is governed by a limit switch the 
armature of which is weighted to give the desired rate. 
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Fig. 8. The Characteristic Curves of the Test Car Motors. 

westinghouse no. 101-d, 500 volt d. c railway motor, 
gear ratio 22 1 62. 33 inch wheels, 
continuous capacity 46 amperes at 300 volts, 
continuous capaqty 42 amperes at 400 volts. ^ 

1. electrical horse power. 

2. brake horse power with gears. 

3. tractive effort. 

4. efficiency without gears. 

5. approximate efficiency with gears. 

6. SPEED. 

7. TIME TO RISE 75® C. FROM 25** C 

8. SAFE TIME FOR LOAD IN SERVICE FOR 20" C. RISE FROM 75* C. 

THE RECORDING APPARATUS. 

Within the car there is apparatus by means of which a continuous 
graphical record may be kept of motor current, voltage, speed, time, 
distance, location, and brake cylinder pressure upon a chart 40 inches 
in width. 

The Chart. — Fig. 9 has been reproduced from a tracing of a portion 
of the chart for test No. 121. The records there shown are grouped 
more closely together than in the original record, and the transverse 
lines which mark one of the sections selected for calculation and some 
of the explanatory lettering do not appear thereon. This chart is 
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caiued to pass from a supply roll, OTer a series of tension and guide 
rolls and tiie recording table, and is then rewound upon a detachable 
record roll. As the paper travels over the table the instruments draw 
on it continuous records of the above mentioned data. The paper 
may be driven by a motor, thus making the records on a time base, or 
by a flexible shaft geared to the axle, thereby making them on a distance 
base. 

Current Record, — ^The current taken by the motors is recorded by 
a General Electric graphic recording ammeter which is excited froia a 
storage battery. A rheostat is provided for the adjustment of the 
exciting current which should be kept at a constant predetermined valtie. 
Check readings may be made by means of an indicating ammeter in the 
same circuit as the recording meter. 

Voltage Record, — ^The voltage record is made by a (Jeneral Electric 
graphic recording voltmeter which is likewise excited by a constant 
current from the storage battery. The same provision is made for making 
check readings as described for the current record. 

Prior to test 121-122 these instruments were connected so as to give 
a record of line voltage, but for that and all subsequent tests the connec- 
tions were changed so that the record is that of voltage across the 
terminals of one motor. 

Speed Record. — One speed record is made by a General Electric 
graphic recording ammeter connected in the armature circuit of a % 
kilowatt low voltage generator which is excited by a constant storage 
battery current and driven from the axle by a flexible shaft. The currefat 
generated is proportional to speed and therefore the recording ammeter 
when properly calibrated gives a record of speed. 

A Boyer mechanical speed recorder was installed just prior to test 
103-104 and its record has been used on all subsequent tests. 

Instantaneous values of speed are obtained from an *'Autometer,'' 
which also is driven from the flexible shaft. 

Time Record, — ^By means of a contacting device on a clock, elec- 
trical connections are made every 5 seconds so as to operate two magnets 
to the armatures of which the time recording pens are attached. Offsets 
are thus made in the two time lines every 6 seconds. 

Location Record, — An observer, by means of a telegrapher's key, 
battery circuit, and magnet to the armature of which a recording pen 
is attached, causes offsets to be made in the line giving a record of 
location as a given point on the test car passes numbered trolley line 
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poles, stations, or other markers. This record enables one to correlate 
any position of the car with the profile. 

Distance Record. — ^A pen operated electrically from a contacting 
device on one of the car wheels makes an offset in a line for every 50 
feet of track passed over by the car. This record is used merely as 
a check on the distances obtained from a table giving the eiact distance 
between any two trolley line poles. 

Brake Cylinder Pressure. — ^A pressure gage connected to the brake 
cylinder has been modified so as to make a record upon the chart. This 
record is used merely to determine and to avoid those portions of tests 
during which the brakes were applied. 

Auxiliary Apparatus. — ^The power consumed by the motors may be 
obtained from an integrating wattmeter. A separate wattmeter indicates 
the power consumed by the pump motors. For a part of the tests herein 
reported two wafer rheostats were placed in the trolley circuit for the 
purpose of cutting down the voltage and thereby obtaining lower speeds 
than it was otherwise possible to maintain. 
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APPENDIX II. 

Methods Employed in Calculating the Results. 

The steps in the process by which the final results have been reached 
are here explained in some detail. The description of the general process 
which has been given in Section IV of the body of the report is to be 
considered as supplementary to this Appendix. The data taken and 
the methods by which they were obtained have been described there 
and in Appendix I. Fig. 9 has been reproduced from a portion of the 
chart made by the recording apparatus during test number 121. 

Selection of the Sections. — From the chart produced during each 
test, sections have been chosen for calculation by comparison of the 
profile and chart. As has been stated, only those sections were considered 
where the car was running on straight track, and over which no brake 
applications were made. They were selected so that the average speeds 
over the sections chosen from any particular test should cover as wide a 
range as possible, and so that the number of sections from east bound 
runs would be balanced by the same or approximately the same number 
from west bound runs. In this way the number of resistance deter- 
minations made from data obtained during runs against the wind were 
balanced by an approximately equal number for the opposite condition. 
In addition, the following were considered sufficient reasons for the 
rejection of any section of chart: 

a. Any considerable variation of the current or voltage 
from the average value. 

b. Heavy grades between the section limits. Level track 
or light uniform grades are of course the preferable con- 
ditions. 

c. A large diflference in the speed of the car when entering 
and when leaving the track section or at any points be- 
tween the section limits. 

Aside from other considerations it is highly desirable to choose botii 
track and chart sections so that the energy consumed by acceleration 
and grade shall be as small as possible, in order that errors in their 
calculation shall have slight effect on the accuracy of the values of 
average net car resistance. When the variation in speed is large the 
energy required to produce acceleration is alone frequently greater than 
that required to overcome all other resistances combined. 
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Fig. 9 shows one of the chart sections selected from a run made 
over a track section lying between trolley line poles numbered 4 and 12. 
These limiting points are designated on Fig. 9 by numbered offsets in 
the location record. Parallel lines drawn through them and per- 
pendicular to the location record line intercept all but four of the 
records at the points occupied by the pens at the moment when the car 
entered and left the track section. The four records in question, namely, 
current, voltage, brake cylinder pressure, and speed by the electrical 
recorder, are made by pens which move along arcs of circles and which 
are adjusted so that in their zero position their recording points lie 
in the same straight line as the other pens. For any but the zero 
reading, however, these pens take positions ahead of the others and 
consequently allowance must be made for this fact in determining 
their positions at the moments when the car passed the points of 
entrance and exit. This matter has been cared for by means of tem- 
plates, as shown in Fig. 9. 

The Calculations, — The result desired from each such section of 
chart is a value of average net car resistance. The following explanation 
of the derivation of each column of data in the tables should make 
clear all the processes involved in the production of the final results. 

Table 1 gives a summary of test conditions. Tables 3 to 12 inclu- 
sive present original data, and intermediate and final results as follows : 

Column 1. (Item No.) is self explanatory. 

Column 2, (Test No.) is self explanatory. 

Column S. (Wind opposing or helping) is from original data. 

Column 4. (Section limits) defines the track section as well as 
the chart section by stating the limiting points which have been desig- 
nated by trolley line pole numbers. The location of each line pole or 
other marker is shown accurately upon the profiles. 

Column 5. (Grade) is derived from colimin 4 and the profiles, 
and expresses the grade as the difference in elevation in feet between 
the entrance and exit points. A positive sign indicates that the car is 
going up grade. 

Column 6. (Length of section) is derived from column 4 and a 
table giving the exact distance between any two trolley line poles. 

Column 7. (Time) is derived from the time record on the chart 
by determining the number of whole and decimal parts of S-second 
intervals included between the parallel lines drawn through the limiting 
points of the section. 
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Column 8. (Motor data) is from ihe original data. 

Column 9. (Efficiency) is derived from columns 8^ 13 and 14^ 
and a table of efficiencies. 

Tables 3 to 12 inclusive, in Appendix III, show that the voltage 
(column 13) varied from about 100 to 600 volts. The low voltages were 
due largely to the method of using rheostats on the car for the purpose 
of obtaining low speeds. It was tiiought tiiat the efficiency curve 
for the motors at 500 volts was not accurate enough under such condi- 
tions and therefore one of the motors was removed from the truck and 
a series of efficiency tests made upon it at five different voltages, namely, 
120, 200, 300, 400, and 500. From the results of these tests a set of 
efficiency curves for the test car motors with gears was constructed, the 
Westinghouse Electric & Machine Company's standard gear losses being 
used. The 500-volt curve, thus determined, corresponds with the curve 
provided by ihe manufacturer. From these curves the above mentioned 
table was compiled. 

Column 10. (Item No.) is self explanatory. 

Column 11. (Speed at entrance to the section) The height of 
the speed curve above its base line at the point occupied by the recording 
pen at the moment the car entered the track section represents the speed 
of the car at that moment, to some scale determined by a calibration 
curve. Such a curve was made for each test by plotting average speeds 
calculated from columns 6 and 7 against the corresponding average 
heights of the speed curve in sufficient nimiber to determine a curve. 
Straight lines were found to satisfy the conditions and for each one 
the equation was found and used in the calculation's. 

Column 12. (Speed at exit from the section) is determined from 
the height of the speed curve at the point of exit, and the equation of 
the calibration curve as explained above. 

Column IS. (Average voltage) is determined by first obtaining 
the average height of the voltage curve between the section limits. From 
a calibration table the voltage corresponding to the average height may 
be found and it is recorded in column 13. 

Column 14. (Average current) is determined from the current 
curve in the same manner as column 13 from the voltage curve. 

Column 16. (Energy imparted to the car by the current) is cal- 
culated by means of the equation — 

JP^^Tf XeXrX2655. 
in which j^c = tfae energy in foot pounds imparted to the car by the 
current 
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W = ATerage watts, calculated from columiis 13 and 14. 
e = The ^ciency of the motors and gears for the given current 

and voltage (Column 9). 
r = The time in hours for the car to traverse the section = 
column 7 
3600 
2655 = foot pounds in one watt hour. 

Column 16, (Energy imparted to the car by the change in kinetic 
energy between the entrance and exit points) is determined from the 
entrance and exit speeds (columns 11 and .12) , and an equation express- 
ing the relation between kinetic energy and the speed of tiie car. This 
equation was derived from a series of determinations of the force re- 
quired to produce acceleration in the rotation of the revolving parts as 
well as of the force required to produce the acceleration in the motion 
of translation of the car as a whole. The equation follows : 

E^ = (1995 + 5 P) (5i* — 5,«) 
in which E^ = The energy in foot pounds imparted to the car by the 
change in kinetic energy between the entrance and exit 
points. 
8i = The speed of the car in miles per hour at tiie moment of 

entering the track section (column 11). 
8^ = The speed of the car in miles per hour at the moment of 

leaving the track section (column 12). 
P = The number of additional 150 pounds above the weight of the 
car and its regular equipment, that is above 55 150 pounds. 
This item includes live load and special equipment. 
1995 and 5 are constants derived from the inertia calculations re- 
ferred to above. 
A negative sign before the figures in column 16 indicates that the 
speed of the car had increased in passing over the track section and 
consequently that the kinetic energy possessed by the car at the moment 
it left the section was greater than when it entered it by the amount 
given. This energy had to be supplied by the current, by the grade, or 
by both current and grade. 

Column 17. (Energy imparted to the car by the grade) is the 
product of the weight of the car (column 2, Table 1) and the difference 
in elevation in feet between the points of entrance and exit. A nega- 
tive sign indicates that the car is going up grade and is consequently 
requiring additional energy for that purpose. 

Column 18. (Net car resistance in pounds per ton) — ^The net 
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energy used in oyercoming car resistance alone while traversing the 
track section is first found from columns 15, 16 and 17 by correctiiig 
the energy delivered by the current^ for changes in speed and grade. 
From the net energy the average value for the section is found by divid- 
ing by the length of that section in feet (column 6), and this in turn is 
reduced to net car resistance in pounds per ton of car weight by dividing 
by the weight of the car in tons. This is the result desired from each 
chart section. 

Column 19. (Average speed) is calculated from the length of the 
track section (column 6) and the time required to traverse that distance 
(column 7). Columns 18 and 19 provide the co-ordinates of the points 
plotted in Figs. 10 to 19. 

Method of Obtaining the Mean Curves of Car Resistance for Tests 
of Groups A and B, — ^As described on page 13, the ordinates of points 
on the mean curves for the individual tests of groups A and B have been 
calculated by means of an equation which is based on the assumption that 
wind resistance varies as the square of the speed. The derivatjpn of the 
equation follows : 

Let £. = the resistance at speed s excluding air resistance 

fi := the total resistance at speed « = fi. + c»* (1) 

in which c = some constant quantity 

R^ := the resistance for a run against the wind at speed s 
= R, + c{s + vy (2) 

in which v = the component of the wind velocity parallel to the track. . 
R^ = the resistance for a run at speed s with the wind 

= R, + c{s — vy (3) 

Subtracting equation (3) from (2) and solving for c 



4 w 
Substituting (4) in equation (2) and solving for R, 



U) 



R. = R.-\^{s + vy (5) 

Substituting equation (5) in equation (1) 

R = R.-^^^^(2s + v) (6) 

Equation (6) is the one sought The mean curves of groups A and 
B, calculated by means of tliis equation, and those of group C, determined 
as described on page 16, after being modified as described on page 14 
to conform to the general shape, were accepted as the results desired f rcwn 
the individual tests. 
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APPENDIX in. 
The Results of the iNDiyiDUAL Tests. 



Note. — In the figures solid dots are for runs with the wind, and 
open circles are for runs against the wind. 
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Table 4 
Test No. 23-24. 



1 


S 


3 


4 


5 


6 


7 


8 


• 




T«i 


Wind 
Ovfiomag 


SectioalimHi. 


Qnde 
RiKorFkU 


Leocthof 
Sectioa 




klotor 


DMo 


Item 


TimetoBon ^ 
Sectioa Q^ 


mber 
Vm 


«nqr 


No. 


No. 


bS^ 


TroUnr line Fble 
Nwnben. 


SeetioB 


lad 


of 
llotots 










+ Up 




• 


ton 


awl 










-^Down 






• 


Qmn 






OorH 




Feet 


Feet 


See'e 




% 


1 


83 


H 


1 471 -l 462 


+0.2 


897 


18.n i 


M 


no 


3 










1 462 -1 458 


+0.6 


896 


16.50 




8S.0 


S 










1 402.7-1 3M.7 


—1.94 


600 


10.75 




70.6 


4 










1 SM.3-1 388.2 


-0.16 


594 


10.12 




80.8 


5 










1 361 -1 343 


—1.49 


1804 


27.91 




70.3 


ft 










1 291 -1 282 


-0.06 


901 


14.42 




80.0 


7 










1 061 -1 075 


+0.78 


582 


10.07 




84.5 


8 










1 012 - 970 


--4.76 


4 144 


66.90 




81.8 


9 










917.2- 901.75 


+1.02 


1529 


28.33 




83.3 


10 










871.5- 853.4 


+2.15 


1808 


31.65 




70.0 


11 










780.4- 720.5 


-6.74 


5 970 


90.80 




83.4 


13 










567.4- 540.5 


+0.43 


2689 


45.07 




82.0 


13 










489.3- 468.5 


+0.50 


2063 


36.89 




81.8 


14 










190.5- 150.5 


-3.96 


3948 


86.45 




80.0 


15 


3 


4 


C 




168.8- 190.5 


"3.19 


2090 


40.56 




83.8 


10 










403.1- 420.2 


--1.33 


1664 


35.00 




83.1 


17 










459.5- 492.3 


--0.53 


3 276 


66.55 




80.5 


18 










550.5- 570.3 


-0.62 


1 977 


33.94 




83.5 


10 










625.8- 687.5 


-2.29 


6270 


109.49 




84.3 


20 










726.8- 780.4 


--5.57 


5 392 


92.98 




84.0 


21 










1 039 -1 075 


-2,53 


3 678 


74.00 




83.8 


22 










1 111 -1 141 


-0.98 


2982 


50.94 




84.5 


23 










1 226.5-1 251.5 


+5.48 


2483 


43.86 




83.0 


24 










1 273 -1 297.5 


—2.46 


2443 


40.00 




83.8 


26 










1 306.8-1 334 


+2.99 


2707 


44.66 




83.7 


26 










1 3a -1 373 


+4.97 


3001 


50.88 




82.2 


27 




• 


1406-1465 


—5.11 


5889 


100.11 




82.0 



*S=Seriet-maltiple. M= Multiple. 8w=SwHehiiig. C=CoMtiiic. 

Table 5 
Test No. 73-74. 



1 


2 


3 


4 


5 


6 


7 


8 


9 












Length o( 
Section 




Motor Data 


Item 
No. 


Test 
No. 


Wind 
OorH 


Section Limiti 


Grade 


Time 


No. and 
Connection 

• 


Efficieacy 




73 


H 


1 470-1 455 


+0 66 


1 495 


23.78 


4M 


81.1 


















24.60 


4 M 


81.9 


















29.00 


4M 


80.4 


















28.58 


4 8 


84.7 


















28.31 


4 8 


84.7 


















37.80 


c. 




10 







1 455-1 i 


[70 


—0.66 






26.91 
28.40 
30.35 
31.94 


4M 
4M 

4 8 
4 8 


82.7 
83.3 
85.5 
86.8 


11 






m m 




• 


38.58 


C 
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Table 4 (Continued) 
Test No. 23-24. 



It 


11 


13 


18 


14 


15 


1 » 


17 


18 


19 




4^ 




AT«ncB 
Coirent 


Enernr Imimrted to Ctf 


NM 

Ctf 
B««t- 




lit. 


Al 

to 


At 

Exit 
fron 


By the 
Cvnoi 


BytlwChu«e 
inKiiMtie 

lUMK|y 


BytheOnde 


Seetioii 




bete 


Seetion 
















M.P.H. 


M.P.H. 


Volte 


Amp'i. 


Yt.Um, 


FtLte. 


FtLbi. 


Ua-Pfer 
Too 


M.P.H 




31.93 


• 84.97 


464 


153.8 


822 280 


— 498 530 


- 11360 


12.68 


32.09 




34.97 


87.16 


455 


146.8 


664 530 


- 323040 


-33 760 


12.21 


87.02 




38.61 


89.71 


486 


106.5 


286 630 


■- 176 180 


+109 120 


13.01 


38.05 


4 


39.63 


40.07 


482 


127.0 


309 150 


— 89 520 


+ 9000 


17.28 


40.02 




«.53 


44.62 


477 


118.5 


922 660 


- 196 490 


+ 88 810 


15.96 


44.05 




46.99 


46.81 


603 


120.8 


614 830 


+ 34 530 


+ 3380 


21.81 


42.60 




39.34 


40.98 


538 


159.4 


528 100 


- 209 880 


— 48 870 


13.18 


39.40 




41.71 


44.62 


529 


129.6 


2 764 800 


— 513 750 


+267 750 


21.61 


42.23 




37.34 


89.16 


615 


144.0 


1 290 700 


— 284 780 


— 67 880 


22.06 


36.80 


10 


30.10 


89.16 


459 


123.0 


1 062 900 





-120 900 


18.38 


38.84 


11 


42.26 


47.90 


606 


132.6 


4455 700 


-1 039 900 


+379 120 


22.00 


45.08 


12 


r.i6 


40.98 


586 


137.5 


2080 800 


- 610 420 


- 24 190 


18.46 


40.68 


13 


36.16 


87.84 


465 


131. 5 


1 350 900 


— 324 650 


-28 130 


17.07 


38.50 


14 


29.14 


87.34 


422 


127.2 


2 737 900 


-1 114 800 


+222 700 


1662 


31.14 


U 


34.24 


86.97 


464 


149.6 


1 727 500 


- 397 550 


—179 400 


19.57 


85 13 


11 


29.14 


83.70 


448 


151.4 


1 479 800 


- 586000 


- 74 810 


17.50 


31.85 


17 


32.42 


38.70 


426 


1308 


2 201500 


— 173 080 


— 29 810 


21. 69 


33.57 


IS 


3861 


88.26 


526 


1360 


1 in 300 


+ 56 580 


+ 84 880 


2821 


39.71 


19 


33. 16 


41.80 


548 


161.6 


6 655 200 


—1 841 200 


-128 800 


23. 73 


39.04 


90 


37.34 


40.62 


548 


1469 


4686 900 


- 522 920 


-313 310 


2506 


39.50 


21 


30.06 


87.16 


476 


1600 


8245 900 


-977 230 


-143 300 


2055 


38.89 


21 


37.89 


40.96 


571 


149.4 


2 708 100 


— 498 380 


+ 55 130 


2700 


39.89 


» 


39.16 


89.62 


536 


147 1 


2 139 800 


- 67 920 


-308 300 


2540 


88.61 


24 


41.63 


4399 


560 


1430 


1 965 800 


- 252 350 


+138 400 


2695 


41.64 


% 


42.80 


41.89 


548 


1424 


2 146 500 


+ 157 600 


-168 200 


2806 


41.41 


M 


42.26 


40.44 


517 


1333 


2 125 700 


+ 307800 


-279 560 


2549 


40.26 


27 


38.26 


43.07 


515 


1332 


4 121 800 


-627 450 


+287 440 


2283 


40.11 



Table 5 (Continued) 
Test No. 73-74. 



10 


11 


13 


IS 


14 


15 


16 


17 


18 


19 


t 


SiNOd 


Atcncb 
VoHoce 


Qurent 


Eooiy ImiMrted to Cw 


NetCw 
BeMtuee 


^esr 


EatnBK 


Exit 


ByComnt 


By Kiiwtie 
Enersy 


By Grade 




41.35 
40.83 
33.56 
36.16 
35.12 
30.10 
36.68 
34.60 
33.52 
30.97 
30.10 


43.31 
41.53 
36.39 
86.85 
36.99 
34.09 
87.20 
36.83 
83.39 
33.87 
34.06 


616 
520 
443 
528 
530 

607 
506 

580 
538 


135.8 
130.6 
127.7 
80.9 
81.2 

188.6 
144.9 
92.1 
96.0 


923 200 
1 006 000 
072 800 
762 700 
761 100 


—146 960 
—116 200 
-243 600 
—103 000 
-126 500 
+666 000 
— 78 560 
-250 950 
—117 250 
—248 060 
+669 950 


-31^720 
+31^720 


17.58 
2031 
16.47 
14.83 
14.23 
14.98 
26.12 
25.02 
20.02 
19.59 
16.66 


42.87 
41.45 
35.13 
35.72 
36.00 
26.96 
37.87 
35.89 
33.58 
31.91 
26.42 


10 

u 


1 153 000 

1 279 000 

934 100 

1046 000 
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Table 6 
Test No. 77-78. 



1 


S 


s 


4 


6 


6 


7 


8 







IWI 


Wind 




Qnde 

RMorFkU 
Ovor 


L«jthof 
Track 
Seetkm 


Time to Ran 

(her 

Section 


Motor Dote 


Itn 


Number IB 


BSdflMTof 

Moton 

madOma 


No. 


No. 


or 


TWlaylineFtole 


Seetkm 

+ Up 


Ueeuid 
Cbmiectioo 

• 










-DSim 














OorH 




FM 


F«et 


SeeV 




% 




n 


H 


1470-1 466 


+0.66 


1 405 


23.03 


4 M 


78.5 




78 





1 466-1 470 


-0.66 






27.68 


4M 


82.8 




n 


H 


1 470-1 466 


+0.66 






82.87 


2M 


85.0 




78 





1 466-1 470 


-0.66 






32.67 


2M 


86.7 




n 


H 


1 470-1 466 


+0.66 






36.48 


2M 


81.6 




78 





1 466-1 470 


-0.66 






36.26 


2M 


78.0 




n 


H 


1 470-1 466 


+0.66 






38.01 


2M 


79.8 




n 


H 


1 470-1 466 


+0.66 






67.28 


C 






78 





1 466-1 470 


-0.66 






05.00 


C 




10 


77 


H 


1 470-1466 


+0.66 






85.00 


c 




11 


78 





1 466-1 470 


-0.66 






70.45 


c 




13 


n 


H 


1 470-1 466 


+0.66 






77.68 


c 




IS 


78 





1 466-1 470 


-0.66 






80.06 


c 




14 


78 





1466-1470 


-0.66 


« 


29.82 


4M 


82.3 



*8=8criet-ffliiltiplc M=Maltiple. 8w=8witcbii)g. C=CoMti]ig. 
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TEST r^O 73 — 74 
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Table 6 (Continued) 
Test No. 77-78. 



10 


1 1 

11 


13 


18 


14 


15 


16 


17 


18 


19 




8|Md 


AT«ncs 
YohafB 


AmfB 
Cttreiit 




Net 

Ctf 
Remt- 
anoe 




Item 
Now 


At 

Entruee 

to 
Section 


At 

Xiit 

from 

Seetioo 


By the 
Cvrant 


BytheCltti«e 
Energr 


BytbeOnde 






II. P. H. 


M.P.H. 


Yolto 


Amp'i. 


FiLbi. 


FtLbe. 


FtLbi. 


Lbe.Per 
Ton 


II. p. H. 




45.22 
85.48 
29.94 
84.34 
28.61 
27.84 
36.13 
19.06 
14.85 
15.43 
17.15 
15.04 
17.73 
31.66 


44.46 

87.01 

81.85 

86.06 

29.94 

36.81 

25.17 

13.87 

6.64 

10.46 

8.55 

9.89 

8.98 

34.73 


507 
499 
480 
507 
510 
499 
430 

413 


113.4 
186.8 
80.5 
98.7 
64.9 
57.6 
61.1 

146.0 


759 750 
1 146 960 
885 310 
1 029 860 
706 880 
606 830 
570 050 

1066 840 


+189 730 
—387 860 
—341 940 
—346 750 
—159 640 
+169 840 
+ 99 890 
+431 050 
+361 690 
+363 780 
+453 090 
+363 300 
+480 330 
—416 400 


-31 810 
+31 810 
-31 810 
+81 810 
-31 810 
+31 810 
-31 810 
—31 810 
+31 810 
—31 810 
+81 810 
—31 810 
+31 810 
+31 810 


30.44 
23.41 
14.40 
19.19 
12.14 
19.03 
15.03 
9.40 
9.27 
5.46 
11.43 
5.45 
12.06 
16.54 


44.35 

86.83 
81.01 
81.39 
38.73 
38.11 
36.83 
17.81 
10.73 
11.99 
13.83 
13.14 
12.73 
34.18 
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Table 7 
Test No. 91-92. 



1 


3 


3 


4 ! 5 


6 


7 


8 9 




No. 


Wind 

or 
Holpi-1 


SeetioBlinti. 


Onde. 

RiKorFaU 
^Orer 
Seelioa. 

+ Sp 

— Down 


Tick 


Time to Ran 
Ovor 

SeetioB 


Motor Data 


No. 


NuobariB 

Uwoad 
Ooneetkm 

• 


Fgffifqyof 

M«tan 

•adGmmn 






OorH 




F«H 


F«i 


Sm'i. 


1 % 


11 


91 
tt 
91 
99 
91 
93 
91 
93 
91 
98 



H 

H 

H 

H 

H 



I 455-1 470 
1 470-1 455 
I 455-1 470 
1 470-1 455 
1 455-1 470 
1 470-1 455 
1 455-1 470 
1 470-1 455 
1 455-1 470 
1 470-1 455 
1 455-1 470 


-0.66 
-I-0.56 
-0.56 
-H).5« 
-0.56 
-I-0.56 
-0.56 
+0.66 
-0.56 
-H).66 
-0.66 


1 J 


196 


31.50 
35.61 
39.80 
10.35 
43.89 
36.46 

r.86 

44.96 
45.94 
41.47 
63.71 


4M 
4M 
4M 

C 
C 

c 
c 
c 
c 
c 
c 


81.5 
78.0 
82.0 



*8=SaneMnaltiple. M=Maltipl«. 8«=8vitebii«. CsOoMtug. 

Table 8 
Test No. 95-96. 



1 


3 


3 


4 


6 


6 


7 


8 


9 


Item 
No. 


Test 
No. 


Wind 
OorH 






Length of 

Section 




Motor Dfttn 




Grade 


Time 


No. end 
Connection 

• 


YB^ 




95 


H 


1 470-1 455 


+0.56 


1 495 


31.97 


4M 


79.6 




96 





1 455-1 470 


-0.56 






37.55 




83.6 




95 


H 


1 470-1 455 


-1-0.56 






83.90 




81.8 




96 





1 455-1 470 


-0.56 






27.48 




88.0 




95 


H 


1 470-1 455 


+0.56 






34.70 




81.8 




96 





1 455-1 470 


-0.56 






28.40 




83.6 




95 


H 


1 470-1 455 


-1-0.56 






43.37 


4 8 


73.9 




96 





1455-1470 


-0.66 






58.10 


4 8 


73.6 




95 


H 


1 470-1 455 


■1-0.56 






33.00 


4M 


83.0 




96 





1 455-1 470 


-0.56 






88.10 




83.1 




95 


H 


1 470-1 455 


-1-0.56 






87.50 




80.6 




96 





1 455-1 470 


-0.56 






80.30 




83.7 




95 


H 


1 470-1 455 


■1-0.56 






38.05 


C 






96 





1 455-1 470 


-0.66 






38.30 


C 






95 


H 


1 470-1 455 


-1-0.56 






37.85 


c 






96 





1 455-1 470 


-0.56 






35.80 


c 






96 


H 


1 470-1 455 


+0.56 






48.05 


c 






96 





1455-1 470 


-0.56 


« 


30.76 


c 
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Table 7 (Continued) 
Test No. 91-92. 



10 { 11 


IS 


13 


14 


15 


16 


17 


18 


19 




Speed 


Avense 


Averafe 
Cuneat 


Eaergy Imperted to tbe Cv 


Net 

Cw 

BMt- 

uoe 




Nou 


At 

Eatnmm 

to 

SeetioD 


At 

Szit 
from 
Seetioo 


By the 
Cment 


BytbeChei«e 

inKiaetie 

EDeror 


By the Grade 


^ssr 

Over the 
SeetioD 




M.P.H. 


M.P.H. 


Volte 


Amp'i. 


FtLbe. 


Ft.Lbi. 


FtLbi. 


Lbi.Per 
Too 


M.F.H. 


7 

10 
11 


32.n 
40.53 
34.13 
35.01 
27.56 
».80 
30.93 
22.78 
27.38 
36.67 
30.68 


83.24 
41.41 
34.48 
32.00 
20.10 
25.78 
22.76 
18.85 
17.43 
22.23 
13.10 


454 

472 
473 


134.7 

113.5 

' 137.1 


1 157 860 

783 380 

1 166 190 


— 71 130 
—148 890 
-48 870 
+410 460 
+738 580 
+335 430 
+893 650 
+331080 
+907 320 
+441 880 
+568 150 


-81 560 
+31 560 
-81 560 
+31 560 
-81 560 
+31 560 
-81 560 
+31 560 
-31 560 
+31 560 
-31 560 


25.06 
15.80 
25.78 
10.50 
16.43 

8.71 
30.44 

8.61 
30.79 
11.34 
13.74 


33.36 
30.83 
34.31 
33.59 
33.22 
27.96 
26.92 
22.67 
22.19 
24.58 
16.00 



Table 8 (Continued) 
Test No. 95-96. 



10 


11 1 13 


13 


14 


16 


16 


. 17 


18 


19 


Item 
No. 


Speed 


Avenge 
VoHage 


Average 
Current 


Energy Imported to Car 


Net Car 
Beskt- 
aace 


*^ 


Eatnuiee 


Eut 


By Cnrrent 


By Kinetie 
Clergy 


By Grade 


1 
3 
3 
4 
6 
6 
7 
8 
9 
10 
11 
13 
13 
14 
15 
16 
17 
18 


46.44 

87.87 
41.31 
37.34 
39.94 
35.34 
33.96 
17.40 
27.73 
39.63 
85.97 
33.16 
30.36 
84.54 
29.31 
83.33 
28.96 
28.35 


46.13 
37.34 
43.11 
37.34 
43.00 
36.76 
35.18 
18.20 
33.76 
83.27 
37.56 
33.75 
26.45 
26.61 
35.03 
35.34 
18.83 
30.89 


518 
499 

516 
483 
510 
488 
539 
533 
450 
452 
477 
477 


117.5 
138.7 
126.6 
135.4 
127.0 
140.0 
45.6 
46.8 
150.4 
151.2 
125.4 
142.7 


785 010 
1 161 600 

934 980 
1082 200 

958 050 
1 182 000 

573 090 

770 440 
1 325 700 
1 386 400 

976 580 
1 253 800 


+ 68 398 
+ 96 295 
—326 020 


-343 500 
—208 350 
—217 480 
— 57 957 
—754 300 
—467 130 
—237 920 
—213 260 
+439 690 
+986 810 
+474 310 
+819 020 
+351 230 
+747 520 


—31 556 
+31 556 
—31 556 
+31 556 
-31 556 
+31 556 
-31 556 
+31 556 
-31 556 
+31 556 
—31 556 
+31 556 
—31 556 
+31 556 
-31 556 
+31 556 
-81 556 
+31 556 


19.27 
30.61 
13.71 
26.44 
13.84 
23.87 

7.69 
17.66 
12.82 
22.57 
16.79 
25.45 

9.69 
24.18 
10.51 
20.19 

7.59 
18.50 


46.40 
37.00 
42.65 
37.17 
41.27 
35.89 
23.50 
17.54 
31.85 
30.80 
37.07 
33.75 
26.79 
30.61 
27.36 
28.96 
21.21 
25.64 
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Table 9 
Tests on Track Section D. 



1 


2 


8 


4 


5 


6 


7 


8 
Motor 


9 






Wind 
Oppos- 
ing 
or 
HeliHnc 




Gzade 






D»ta 


Item 
No. 


Test 
No. 


Section Limits. 

Trolley Line Pole 
Numbers 


RiseorFaU 

Over 

Section 

-f Up 


Length of 
Trtck 
Section 


Time to Ron 
Over 
Section 


Number in 

Use and 

Connection 

• 


EfficieDcyor 

Moton 
vodQemn 










-Down 














OorH 




Feet 


Feet 


See's. 




% 


1 


100 


H 


1 671-1 566 


-H).37 


445 


11.8 


4 S 


70.1 


2 


110 





1 575-1 581 


+2.54 


522 


19.3 


4 8 


81.4 


3 


100 


H 


1 571-1 563 


H-0.42 


714 


20.0 


4 S 


n.6 


4 


110 





1 575-1 581 


4-2.54 


522 


17.8 


4 8 


83.5 


6 


110 





1 575-1 581 


+2.54 


522 


12.5 


4M 


84.5 


6 


109 


H 


1 571-1 563 


-fO.42 


714 


15.0 


4M 


70.9 


7 


100 


H 


1 571-1 563 


- 0.42 


714 


16.9 


4M 


74.5 


8 


110 





1 675-1 583 


4-4.60 


700 


19.4 


4M 


80.9 


9 


110 





1 575-1 583 


-f4.60 


700 


20.2 


1 


86.0 


10 


109 


H 


1 671-1 566 


-fO.37 


445 


16.8 


C 




11 


111 


H 


1 581-1 575 


—2.54 


522 


17.6 


C 




12 


111 


H 


1 581-1 575 


-2.54 


522 


22.3 


c 




13 


111 


H 


1 571-1 563 


-H).42 


714 


20.6 


4 S 


73.9 


14 


112 





1 575-1 581 


+2.54 


522 


20.0 


4 S 


79.4 


15 


111 


H 


1 571-1 566 


+0.37 


445 


12.4 


4 S 


70.6 


16 


112 





1 57S-1 581 


+2.54 


522 


10.4 


4 8 


76.6 


17 


111 


H 


1 571-1 566 


+0.37 


445 


12.5 


4 S 


68.7 


18 


112 





1 575-1 583 


+4.60 


700 


26.7 


4 8 


80.8 


19 


112 





1 575-1 583 


+4.60 


700 


25 


4 8 


79.6 


20 


111 


H 


I 571-1 566 


+0.37 


445 


12.5 


4 8 


61.5 


21 


112 





1 575-1 583 


+4.60 


700 


26.3 


4 8 


79.6 


22 


111 


H 


1 571-1 566 


+0.37 


445 


12.7 


4 S 


66.0 


23 


112 





1 575-1 583 


+4.60 


700 


26.0 


4 8 


78.6 


24 


111 


H 


1 571-1 566 


+0.37 


445 


10.5 


4M 


72.6 


25 


112 





1 575-1 581 


+2.54 


522 


14.8 


4 M 


82.1 


26 


111 


H 


1 571-1 566 


+0.37 


445 


10.5 


4M 


67.8 


27 


111 


H 


1 571-1 566 


+0.37 


445 


10.2 


4 M 


73.8 


28 


112 





1 575-1 683 


+4.60 


700 


20.0 


4M 


74.5 


29 


111 


H 


1 571-1 566 


+0.37 


445 


10.1 


4 M 


78.6 


30 


112 





1 625-1 583 


+4.60 


700 


18.5 


4 M 


80.8 


31 


111 


H 


1 571-1 566 


+0.37 


445 


0.9 


4 M 


73.8 


32 


112 





1 575-1 583 


+4.60 


700 


18.5 


4 M 


81.5 


33 


114 





1 575-1 678 


+0.48 


256 


26.3 


2M 


71.0 


34 


114 





1 566-1 571 


-0.37 


445 


20.7 


2 M 


65.0 


3A 


113 


H 


1 571-1 566 


+0.37 


445 


25.5 


2M 


66.7 


36 


114 





1 566-1 571 


-0.37 


445 


26.7 


2 M 


70.6 



•S=Seriec-multiplo M=Multiple. Sw=Switching. C=Cossting. 
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Table 9 (Continued) 
Tests on Track Section D. 



10 


11 


12 


13 


14 


15 


16 


17 


18 


19 




Speed 


Avence 
Vohofle 


Avense 

Current 


EDeror Imported to Car 


Net 

Car 
Reastaoee 




Item 
No. 


At 

Eatnaat 
to the 


At 

Exit 

from the 


By the 
CoRont 


BytheChoi«e 

inKmetio 

Eoonr 


By the Grade 


Orerthe 




Seetioo 


Seetioo 
















M.P.H. 


M.P.H. 


Volt! 


Amp'a. 


Pt.Lbe. 


Ft.Lhe. 


Ft.Lba. 


Lhe.Per 
Too 


M.P.H. 


1 


24 30 


33.94 


492 


42 9 


128 600 


+ 35 700 


— 21 070 


11.30 


25.72 


2 


16.74 


17.64 


496 


65.0 


873 400 


-63 580 


—144 700 


11.11 


18.44 


3 


22.60 


21.60 


472 


45.5 


237 200 


+ 81 560 


— 23 920 


14.50 


23 23 


4 


19.80 


20.84 


566 


64.8 


385 300 


-44 530 


—144 700 


13.19 


20 57 


& 


27.38 


28.98 


460 


174.0 


622 000 


—187 800 


—144 700 


19 49 


28.56 


6 


31.60 


82.76 


449 


124.0 


621 600 


-166 400 


— 23 920 


16.29 


80.60 


7 


27.90 


27.90 


344 


107.5 


343 200 





-23 920 


15.71 


28 80 


8 


23.94 


24.30 


368 


148.0 


630 300 


-36 700 


-282 000 


16.68 


24 59 


9 


22.86 


22.86 


484 


77.2 


478 600 





—282 000 


10.86 


23.61 


10 


19.80 


18.00 








+139 800 


-21 070 


9.36 


18 03 


11 


19.62 


19.08 








+ 42 510 


+ 143 100 


12.62 


20.22 


12 


16.30 


16.30 











+143 100 


9.72 


15 95 


13 


23.04 


22.50 


496 


47.8 


366 100 


-f 50 040 


-23 670 


14.54 


23.62 


14 


17.64 


18.00 


475 


59.9 


333 000 


— 26 110 


—143 100 


11.13 


17.78 


U 


24.12 


24.12 


467 


43.9 


132 100 





-20 850 


8.88 


24.46 


16 


18.00 


18.00 


443 


54.0 


363 000 





—143 100 


8.09 


18.33 


17 


24.13 


23.40 


460 


42.2 


122 800 


+ 60 620 


-20 850 


13.68 


24 26 


18 


17.64 


18.00 


477 


63.6 


482 400 


— 26 110 


—259 200 


10 00 


17.87 


19 


18.86 


18.36 


475 


19.9 


431 900 





-259 200 


8.76 


18.42 


20 


23.22 


23.68 


417 


38.8 


91 680 


+ 50 450 


— 20 850 


9.67 


24.27 


21 


18.00 


17.64 


467 


60.B 


436 800 


+ 26 110 


-259 200 


10.32 


18.13 


22 


23.94 


23.76 


463 


39.8 


113 800 


+ 17 460 


— 20 850 


8.81 


23.88 


23 


18.36 


17.46 


454 


58.1 


410 500 


+ 65 600 
+ 20 800 


-259 200 


11.00 


17.74 


34 


28.44 


28.26 


337 


105.5 


800 000 


— 20 850 


15.94 


28.88 


25 


22.14 


24.66 


372 


160.4 


535 000 


—240 000 


—143 100 


10.32 


24 03 


28 


27.72 


27.72 


306 


96.2 


154 400 





— 20 850 


10 65 


28.88 


27 


30.06 


30.24 


366 


104.0 


210 800 


-22 100 


— 20 850 


13.38 


29.72 


28 


23.23 


24.30 


358 


149.0 


586 400 


—104 400 


-259 200 


11 30 


23 86 


29 


29.34 


29.62 


352 


106.0 


204 600 


— 21 560 


— 20 860 


12.93 


30.02 


30 


36.20 


25.38 


381 


141.5 


504 500 


— 18 520 


-259 200 


1606 


25.79 


31 


30.78 


30.96 


365 


105.0 


206 500 


— 22 600 


— 20 850 


13.00 


30.63 


82 


24.66 


25.74 


387 


145.0 


624 000 


-110 800 


-259 200 


12.88 


25.80 


33 


5.76 


6.66 


118 


62.8 


97 020 


— 22 700 


— 26 980 


6.58 


6.64 


34 


13.32 


13.68 


160 


45.1 


71 640 


- 19 730 


+ 20 790 


5.81 


14.64 


35 


11.34 


10.06 


142 


48.9 


87 180 


+ 54 810 


— 20 790 


9.69 


11 89 


38 


8.64 


10.44 


149 


55.4 


114 300 


-69 710 


+ 20 790 


5.23 


11.35 
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Table 10 
Tests on Track Section W. 



1 


2 


3 


4 


6 


6 


7 


8 


9 
















Motor Dat» 


Itam 
No. 


Tetl 

No. 


Wind 
OorH 


Seetion 
limito 


Grade 


Length of 
Seetion 


TUM 


Number and 
Oonneetion 

• 


Efficieocy 




118 





7-16 


-f-1.37 


1 189 


24.1 


4M 


78.4 




118 





21-30 


—0.40 


1 164 


23.4 


4M 


81.0 




117 


H 


80-21 


-1-0.40 


1 154 


35.1 


4 8 


6S.1 




118 





7-16 


-1-1.37 


1 189 


43.4 


4 8 


70.0 




117 


H 


16-7 


-1.37 


1 189 


22.1 


4M 


83.5 




118 





21-30 


—0.40 


1 154 


23.3 


4M 


80.1 




117 


H 


16-7 


-1.37 


1 189 


20.5 


4M 


78.2 




117 


H 


16- 7 


—1.37 


1 189 


20.1 


4 M 


79.2 




118 





21-30 


-0.40 


1 154 


19.8 


4M 


83.0 




117 


H 


16-7 


-1.37 


1 189 


20.4 


4M 


78.1 




118 





21-30 


-0.40 


1 154 


82.7 


4 8 


73.7 




117 


H 


30-21 


-1-0.40 


1 154 


29.4 


4 8 


70.0 




123 





30-21 


-1-0.40 


1 154 


33.2 


4 8 


70.6 




124 


H 


21-30 


-0.40 


1 154 


39.4 


4 8 


65.4 




124 


H 


7-16 


-f-1.37 


1 189 


35.9 


4 8 


68.8 




124 


H 


21-^ 


-0.40 


1 154 


22.8 


4M 


81.9 




123 





30-21 


-f-0.40 


1 154 


36.6 


4M 


82.9 




124 


H 


21-30 


-0.40 


1 154 


36.0 


4 8 


67.4 




123 





16-7 


—1.37 


1 189 


34.6 


4 8 


72.0 




123 





30-21 


-fO.40 


1 154 


33.8 


4 8 


74.7 




124 


H 


21-^ 


-0.40 


1 154 


36.2 


4 8 


68.9 


22 


123 





16-7 


—1.37 


1 189 


64.1 


4 8w 


61.3 


23 


124 


H 


21-30 


-0.40 


1 154 


32.3 


4M 


77.9 


24 


123 





30-21 


-f-0.40 


1 154 


22.6 


4 M 


78.5 


25 


124 


H 


21-30 


-0.40 


1 154 


25.5 


4M 


74.3 


26 


124 


H 


21-30 


-0.40 


1 154 


23.7 


4M 


74.9 


27 


123 





16-7 


-1.37 


1 189 


34.2 


4 8 


70.7 



*8=Seriei-nniItiple. M=:Multipfe. 8w=8witohing. C=OoMting. 
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Fig. 18. 
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Table 10 (Continued) 
Tests on Track Section W. 



10 


11 


12 


13 


14 


15 


16 


17 


18 


19 


Item 


Sp«d 


AYcncs 


ATcnie 


Energy Impnrted to tbe Ov 


NetCir 


*5=r 












Now 


Enlmice 


Eut 


vJteS 


Current 


ByOorrent 


»«" 


ByOnde 


Beeiitnnee 




35.28 


34.02 


407 


119.0 


674 850 


+m260 


—76 900 


23.20 


33.61 




33.48 


34.56 


440 


131.7 


826 550 


—149 170 


+22 480 


21.58 


38.60 




23.78 


21.24 


415 


42.5 


288 140 


+230 200 


—22 480 


15.22 


22.41 




19.44 


18.54 


390 


52.0 


464 910 


+ 69 390 


-76 900 


14.10 


18.66 




36.18 


88.34 


537 


153.5 


1 121800 


-326 750 


+76 900 


26.10 


36.65 




88.00 


36.00 


454 


125.8 


752 340 





+22 480 


23.89 


35.27 




40.68 


40.50 


467 


113.5 


626 610 


+ 29 660 


+76 090 


21.95 


30.51 




43.12 


42.30 


492 


116.8 


674 720 


-30 850 


+76 990 


21.58 


40.31 




40.32 


41.04 


555 


142.6 


958 580 


—118 920 


"22 480 


26.59 


39.70 




40.32 


41.04 


473 


114.6 


638 020 


—118 920 


-76 990 


17.84 


39.72 




23.76 


24.30 


555 


69.0 


582 000 


— 52 680 


"22 480 


17.01 


24.05 




27.18 


20.64 


592 


50.3 


451 900 


+ 69 000 


—22 480 


15.06 


26.75 




23.40 


23.58 


256 


52.3 


462 930 


-17 840 


—22 700 


12.92 


23.60 




23.04 


22.50 


225 


44.7 


324 130 


+ 42 510 


+22 700 


11.89 


23.54 




90.70 


20.34 


230 


46.6 


862 570 


+ 30 290 


—77 750 


9.34 


22.56 




34.20 


35.28 


480 


136.7 


865 940 


—153 830 


+22 700 


22.44 


34.47 




25.74 


20.88 


427 


152.5 


1 059 000 


—472 050 


-22 700 


17.23 


29.55 




20.70 


21.06 


222 


47.5 


377 400 


— 30 820 


+22 700 


11.28 


21.83 




22.50 


23.40 


268 


54.8 


538 040 


— 84 600 


+77 750 


15.74 


23.47 


20 


20.34 


23.40 


290 


80.9 


657 600 


-274 880 


—22 700 


11.01 


23.25 


21 


20.52 


20.88 


220 


46.8 


367 750 


— 30 550 


+22 700 


10.99 


21.72 


22 


11.34 


11.70 


119 


42.5 


293 270 


— 17 000 


+77 750 


10.40 


12.63 


23 


32.76 


32.76 


897 


116.0 


616 430 





+22 700 


10.52 


33.74 


24 


33.80 


33.66 


417 


118.8 


645 310 


-49 420 


-22 700 


17.50 


34.95 


25 


30.06 


30.80 


846 


109.6 


529 860 


+ 45 430 


+22 700 


18.26 


30.83 


26 


32.04 


32.40 


372 


108.6 


528 900 


— 47 560 


+22 700 


15.39 


33.17 


27 


22.68 


23.40 


254 


52.7 


477 370 


— 68 010 


+77 750 


14.43 


28.69 
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Fia 19. 

Note. — Solid dots are for runs with the wind, open circles are for runs against the 
wind, and circles with the lower half black are for runs in no wind. 
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Table 11 
Tests on Track Section S. 



I 


2 


3 


4 


5 


6 


7 


8 


9 










Gnde 






Motor 


Date 






Wind 


SeetioaLimita. 












Item 


T«lNo. 




RkeorVkU 


Length of 


TimeloRu 
Over 

Seetion 


Number 




No. 


or 
HdpiBC 


Trolley Line 
Nomben 


Section 
— Down 


sStaon 


mUie 

nad 

Gonaoetion 

• 


ofMotnn 

and 
Oaaia 






OorH 




Fbei 


Fbei 


See't. 




% 




119 


H 


37-29 


+0.76 


1 067 


25.9 


4.M 


m.t 




119 


H 


12-4 


-1.40 


1 064 


21.9 




•0.4 




120 





29-37 


-0.76 


1 067 


22.4 




8D.S 




120 





4-12 


+3.40 


1064 


21.8 




00.1 




120 





29-36 


-0,64 


928 


20.7 




70.0 




119 


H 


37-29 


+0.76 


1067 


21.1 




86.1 




119 


H 


12-4 


—3.40 


1064 


19.1 




67.S 




120 





29-37 


-0.76 


1067 


20.6 




70.4 




119 


H 


12-4 


-3.40 


1 064 


21.6 




08.4 




120 





29-37 


-0.76 


1 067 


250 




71.0 




120 





4-12 


+3.40 


1 064 


26.0 




07.8 




119 


H 


12-4 


-3.40 


1 064 


23.0 


2^M 


78.1 




120 





29-37 


-0.76 


1 067 


27.5 




84.7 




119 


H 


12-4 


-3.40 


1 064 


26.7 




74.8 




119 


H 


12- 4 


-8.40 


1 064 


27.3 


4^8 


70.5 




119 


H 


37-29 


+0.76 


1 067 


tO.9 




n.2 




120 





29-37 


-0.76 


1 067 


36.1 




74.9 




120 





4-12 


+3.40 


1 064 


35.0 




78.0 




119 


H 


12- 4 


-3.40 


1 064 


28.2 




67.8 




119 


H 


37-29 


+0.76 


1 067 


38.9 




79.8 




120 





4-12 


+3.40 


1 064 


81.7 




70.8 


22 


119 


H 


12- 4 


—3.40 


1 064 


20.9 




00.9 


23 


119 


H 


12- 4 


-3.40 


1 064 


21.0 


4.M 


88.8 


24 


120 





29-37 


-0.76 


1 057 


24.1 




78.1 


26 


119 


H 


12- 4 


—3.40 


1 064 


19.5 




68.7 


26 


120 





29-37 


-0.76 


1 057 


26.7 


2_M 


88.8 


27 


120 





4-12 


+3.40 


1 064 


28.0 




84.8 


28 


119 


H 


12-4 


-3.40 


1 064 


21.8 




80.8 


29 


120 





4-12 


+3.40 


1 064 


27.7 




84.0 


30 


119 


H 


12- 4 


-3.40 


1 064 


26.6 


4^8 


64.6 


31 


120 





4-12 


+3.40 


1064 


81.8 




n.t 


82 


122 


H 


29-^7 


-0.76 


1 067 


343 




•8.7 


33 


122 


H 


4-12 


+3.40 


1 064 


32.0 




70.7 


34 


122 


H 


29^37 


-0.76 


1 057 


86.9 




70.2 


35 


121 





12- 4 


-3.40 


1 064 


21.6 


4^M 


n.6 


36 


122 


H 


21^7 


—0.76 


1 067 


25.0 




n.o 


37 


121 





12- 4 


-8.40 


1 054 


22.5 




62.8 


38 


122 


H 


29^7 


-0.76 


1 067 


38.5 


4^8w 


67.0 


39 


121 





37-29 


+0.76 


1 057 


35.8 




72.6 


40 


121 





1^ 4 


-3.40 


1 054 


35.7 




66.0 


41 


122 


H 


29^7 


-0.76 


1 057 


42.5 


4 8 


68.8 


42 


121 





12-4 


-3.40 


1 054 


18.6 


4_M 


80.0 


43 


122 


H 


4-12 


+3.40 


1 064 


20.9 




82.7 


44 


121 





12-4 


-3.40 


1 054 


18.9 




66.6 


46 


121 





37-29 


+0.76 


1 057 


19.1 




82.3 




•8=8erk».n 


uHiplt. 


II=Maltiple. 8 


w=Switohing. < 


:=Coneluic. 
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Table U (Continued) 
Tests on Track Section S. 



10 


11 


12 


13 


14 


15 


16 


17 


18 


19 




Speed 


Avence 
Voltmie 


Avenge 
Current 


Eneror Imperted to the Cw 


Net 

Cw 
ReMtaooe 




Item 


E-^ee 
tothe 


At 

Exit 
faom the 


By the 

Ciineat 


BytheChenie 
EDeror 


BytheOrMle 


"ST 

Over the 
Section 




HftWi 


DOOtMD 
















M.P. BL 


M.P.H. 


Volte 


AmpiL 


FLUm. 


Ft. Lbs. 


Ft.Lbe. 


Lbe.Ptt 
Ton 


M. P. H. 




28.06 


28.06 


280 


85.7 


349 380 


+120 710 


— 43 130 


14.23 


27.84 




32.20 


32.01 


282 


70.2 


217 740 


+ 25 000 


+192 800 


14.57 


32.85 




31.47 


33.10 


405 


131.5 


705 010 


—215 760 


+ 43 130 


17.78 


32.20 




34.36 


31.11 


284 


77.0 


211 130 


+436 200 


-182 800 


15.19 


32.99 




29.12 


30.40 


361 


115.0 


482 080 


-156 180 


+ 30 650 


13.55 


30.56 




31.48 


36 07 


524 


170.0 


1 180 600 


-620 840 


-43 130 


17.23 


34.15 




37.40 


37.04 


354 


86.6 


289 940 


+ 54 940 


+192 800 
-1- 43 130 


17.98 


37.62 




26.06 


36.06 


300 


102.0 


422 600 


— 97 900 


12.26 


27.10 




33.10 


33.28 


310 


82.0 


256 530 


— 24 490 


+192 900 


14.21 


33.27 




27.88 


28.77 


316 


102.0 


422 170 


—103 360 


+ 43 130 


12.07 


28.81 




28.22 


26.80 


284 


94.0 


846 860 


+160 160 


-192 800 


10.50 


27.67 


U 


31.11 


30.40 


350 


52.2 


226 290 


+ 80 530 


+192 800 


17.01 


31.22 


13 


94.62 


27.82 


407 


94.1 


657 340 


—287 490 


+ 43 130 


13.77 


26.20 


14 


2S.80 


26.25 


310 


57.9 


270 080 


— 38 480 


+192 900 


14.20 


26.91 


U 


25.52 


26.61 


488 


45.1 


312 270 


—116 480 


+192 800 


13.00 


26.31 


IS 


22.83 


23.55 


512 


53.6 


482 400 


— 69 390 


— 43 130 


12.33 


23.32 


17 


18.76 


21.73 


434 


50.7 


426 170 


—167 560 


+ 43 130 


10.06 


20.52 


18 


20.68 


10.76 


405 


46.8 


352 740 


+ 76 270 


-192 800 


7.89 


20.52 


It 


M.M 


25.52 


452 


41.7 


265 660 


— 54 880 


+192 900 


13.50 


25.50 


to 


20.30 


22.11 


501 


58.5 


580 900 


-157 360 


- 43 130 


12.68 


21.26 


SI 


22.82 


21.01 


400 


53.3 


468 620 


+ 83 440 


—192 900 


12.01 


22.68 


S 


26.06 


26.80 


468 


43.3 


280 810 


- 78 050 


+192 800 


13.23 


26.72 


23 


33.81 


33.45 


308 


81.6 


246 270 


+ 49 640 


+ 192 800 


16.35 


34.24 


24 


29.11 


i-;-) 75 


370 


125.0 


642 430 


-201 250 


+ 43 130 


16.15 


29.92 


3S 


36.33 


;i^ .13 


356 


80.0 


316 350 





+192 900 


17.03 


36.89 


28 


26.25 


:;f. iU 


303 


78.6 


503 150 


-59 810 


+ 43 130 


16.22 


26.72 


27 


24.44 


J 4 ?e 


417 


94.4 


689 070 


— 55 730 


-192 900 


14.72 


25.69 


28 


32.38 


3.^/>■ 


432 


66.3 


371 790 


— 22 630 


+192 800 


18.13 


33.00 


29 


24.62 


:25 t^ 


410 


95.0 


689 940 


- 57 170 


—192 900 


14.71 


25.98 


30 


26.61 


2*' ^^ 


463 


39.0 


220 150 


— 20 800 


+192 900 


13.12 


28.10 


31 


22.63 


21.49 


454 


45.8 


344 890 


+111 900 


-192 900 


8.82 


23.08 


33 


20.48 


2M 4^ 


202 


40.7 


348 960 





+ 43 130 


13.07 


21.02 


33 


23.10 


'^.j .S:3 


220 


53.1 


405 450 


+212 970 


-192 900 


14.23 


22.48 


34 


18.50 


10 ^J 5 


103 


52.5 


387 050 


— 69 930 


+ 43 130 


12.01 


19.54 


38 


33.00 


:yj ^n 


338 


104.0 


406 300 


+ 24 350 


+192 900 


20.86 


33.30 


38 


26.86 


'2-^ i.Ly 


301 


116.0 


473 860 


-120 710 


-f 43 130 


13.21 


28.86 


37 


32.55 


3! tl^-H 


266 


81.2 


222 730 


+117 160 


+192 900 


17.81 


31.98 


38 


17.78 


JH 5^> 


174 


50.0 


331 000 


-53 560 


+ 43 130 


10.69 


18.74 


38 


10.23 


19 70 


228 


57.8 


507 570 


— 43 150 


— 43 130 


14.05 


20.14 


40 


18.04 


]9>>1 


150 


37.0 


173 390 


+ 71 920 


+192 900 


14.65 


20.13 


41 


15.62 


1 7 . 24 


174 


50.8 


381 270 


—109 130 


+ 43 130 


10.51 


16.96 


42 


36.50 


:^: 9'y 


475 


128.0 


675 280 


-221 300 


+192 900 


21.63 


38.69 


« 


34.00 


;h .i> 


465 


143.0 


848 320 


— 49 040 


-192 900 


20.27 


34.42 


44 


38.68 


37 7H 


355 


85.4 


281 280 


+141 070 


+192 900 


20.67 


38.08 


45 


».,. 


U^ . :^i 


505 


136.0 


796 440 





— 43 130 


25.12 


37.75 
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Table 12 
Tests on Track Section R. 



1 


2 


8 


4 


6 1 





7 


8 


• 


Item 
No. 


]}f 


Wind 
OorH 






iMcthof 




Motor Dftte 


SeotionLimHt 


QrMie 

1 


Tnne 


No-ud 
CooaMtioo 

• 


S^ 


I 


126 





14-4 


-2.02 


1 320 


24.7 


4M 


80.3 


2 


120 


H 


4-14 


+2.02 


1 830 


20.2 


4M 


78.9 


3 


126 





46-88 


-2.98 


930 


19.9 


411 


84.S 


4 


126 





14 - 4 


—2.02 


1830 


29.1 


4M 


73.7 


5 


126 





45 - 38 


-2.93 


920 


20.9 


4M 


80.6 





120 


H 


88-45 


+2.93 


920 


19.4 


411 


8S.8 


7 


120 


H 


4-14 


+2.02 


1330 


28.8 


4M 


7».9 


8 


120 


H 


38-46 


+2.93 


930 


18.7 


4M 


85.1 


9 


120 


H 


4-14 


+2.02 


1 320 


27.1 


4M 


77.4 


10 


125 





45-38 


-2.93 


920 


17.0 


4M 


83.8 


11 


120 


H 


38-45 


+2.98 


930 


17.9 


4M 


85.0 


12 


120 


H 


4-14 


+2.02 


1 320 


20.1 


4M 


80.3 


13 


120 


H 


38-45 


+2.93 


920 


293 


4 8 


77.3 


14 


120 


H 


4-14 


+2.02 


1 830 


45.0 


4 8 


71.4 


15 


120 


H 


4-14 


+2.02 


1 320 


40.9 


4 8 


75.3 


10 


120 


H 


38-45 


+2.98 


920 


27.8 


4 8 


70.3 


17 


128 




4-14 


+2.02 


1 830 


67.1 


4 8 


7S.4 


18 


127 


_ 
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DUKN ^RESISTANCE OP A 28-TON ELBCTBIO CAB 

Tablp 12 (Continued) 
Tests on Track Section R. 
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PUBLICATIONS OF THE ENGINEERING EXPERIMENT STATION 

BnlUtim No. i. Tests of Reinforced Concrete Beams, by Arthur N. Talbot 1»04. 
None avoUcbU. 

Circular No. i. High Speed Tool Steels, by L. P. Breckenridge. 1906. Non'g availabU. 
BulUiin No. I. Tests of High-Speed Tool Steels on Cast Iron, by L. P. Breckenridge 
and Henry B. Dirks. 1905. Nont availabU. 

Circular No. 2. Drainage of Earth Roads, by Ira O. Baker. 1906. None availabU. 
Circular No. t Fuel Tests with Illinois Coal (Compiled from tesU made by the Tech* 
nologic Branch of the U. S. G. S.. at the St. Louis^ Mo.. Fuel Testing Plant. 1904-1907). 
by L. P. Breckenridge and Paul Diserens. 1909. Thtrty cents. 

BulUHn No. 3. The Engineering Experiment Station of the University of Illinois, by 
L. P. Breckenridge. 1906. None avaUabU. 

Bulletin No. 4. TesU of Reinforced Concrete Beams, Series of 1906, by Arthur N. 
Talbot. 1906. Forty-Jve cents. 

Bulletin No. 5. Resistance of Tubes to Collapse, by Albert P. Carman and M. L. Carr. 
1906. None avaUable. 

Bulletin No. 6. Holding Power of Railroad Spikes, by Roy I. Webber. 1906. None 
available. 

Bulletin No. 7. Fuel Tests with Illinois Coals, by L. P. Breckenridge, S. W. Parr, and 
Henry B. Dirks. 1906. None availabU. 

BulUtin No. 8, Tests of Concrete: I, Shear; II, Bond, by Arthur N. Talbot. 1906. 
None available. 

Bulletin No. p. An Extension of the Dewey Decimal System of Classification Applied 
to the Engineering Industries, by L. P. Breckenridge and G. A. Goodenough. 1906. Revised 
Edition 191S. Fifty cents. 

Bulletin No. to. Tests of Concrete and Reinforced Concrete Columns. Series of 1906, 
by Arthur N. Talbot. 1907. None available. 

BulUtin No. 11. The Effect of Scale on the Transmission of Heat Through Locomotive 
Boiler Tubes, by Edward C. Schmidt and John M. Snodgrass. 1907. None availabU. 

Bulletin No. 12. Tests of Reinforced Concrete T-Beams, Series of 1906. by Arthur N. 
Talbot. 1907. None availabU. 

Bulletin No. 13. An Extension of the Dewev Decimal System of Classification Applied 
to 'Architecture and Building, by N. Clifford Ricker. 1907. None availabU. 

Bulletin No. 14. Tests of Reinforced Concrete Beams. Series of 1906. by Arthur N. 
Talbot. 1907. None availabU. 

BulUtin No. 15. How to Bum Illinois Coal Without Smoke, by L. P. Breckenridge. 
19<^ Twenty-five cents. 

Bulletin No. 16. A Study of Roof Trusses, by N. Oifford Ricker. 1908. Fifteen cents. 

BulUtin No. //. The Weathering of Coal, by S. W. Parr, N. D. Hamilton, and W. F. 
Wheeler. 1908. None availabU. 

Bulletin No. 18. The Strength of Chain Links, by G. A. Goodenough and L. E. Moore. 
1908. Forty cents. 

BulUtin No. 19. Comparative Tests of Carbon, Metallized Carbon and Tantalum Fila- 
ment Lamps, by T. H. Amrine. 1908. None avaiiabU. 

Bulletin No. 20. Tests of Concrete and Reinforced Concrete Columns, Series of 1907, 
by Arthur N. Talbot. 1908. None availabU. 

Bulletin No. it. Tests of a Liquid Air Plant, by C. S. Hudson and C. M. Garland. 
1908. Fifteen cents. 

BulUtin No. 22. TesU of Cast-Iron and Reinforced Concrete Culvert Pipe, by Arthur 
N. Talbot. 1908. None availabU. 

Bulletin No. 2$. Voids, Settlement, and Weight of Crushed Stone, by Ira O. Baker. 
1908. Fifteen cents. 

*BulUtin No. 24. The Modification of Illinois Coal by Low Temperature Distillation, 
by S. W. Parr and C. K. Francis. 1908. Thirty cents. 

^Bulletin No. 25. Lighting Country Home by Private Electric Plants, by T. H. Amrine. 
1908. Twenty cents. 

Bulletin No. 26. High Steam-Pressures in Locomotive Service. A Review of a Report 
to the Carnegie Institution of Washington, by W. F. M. Goss. 1908. Twenty- five cents. 

Bulletin No. 27. TesU of Brick Columns and Terra Cotta Block Columns, by Arthur 
N. Talbot and Duff A. Abrams. 1909. Twenty-five cents. 

Bulletin No. 28. A Test of Three Large Reinforced Concrete Beams, by Arthur N. 
Talbot. 1909. Fifteen cents. 

BulUtin No. 29. TesU of Reinforced Concrete Beams: ResisUnce to Web Stresses, 
Series of 1907 and 1908. by Arthur N. Talbot. 1909. Forty-five cents. 

^Bulletin No. 30. On the Rate of Formation of Carbon Monoxide in Gas Producers, by 
J. K. Qement, L. H. Adams, and C. N. Haskins. 1909. Twenty-five cents. 

* BulUtin No. 3t. Fuel Tests with House-heating Boilers, by J. M. Snodgrass. 1909. 
Fifty-five cents. 

BulUtin No. 32. The Occluded Gases in Coal, by S. W. Parr and Perry Barker. 1909. 
Fifteen cents. 

Bulletin No. 33. Tests of Tungsten Lamps, by T. H. Amrine and A. Guell. 1909. 
Twenty cents. 

'Bulletin No. 34- Tests of Two Types of Tile Roof Furnaces under a Water-Tube 
Boiler, by J. M. Snodgrass. 1909. Fifteen cents. 

Bulletin No. 35. A Study of Base and Bearing Plates for Columns and Beams, by 
N. Qifford Ricker. 1909. Twenty cents. 
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PUBUCATIONS OF THE ENGINEERING EXPERIMENT STATION 

•BnU^tm No, afi. The Thermal CondactiTity of Fire-CUy At High Temperatures, by 
J. K. Qement and W. U Egy. 1900. Twenty cents, 

BulUtin No, ». Unit Coal and the Composition of Coal Ash, by S. W. Parr and W. K. 
Wheeler. 1009. Tkirty-f^e cents. 

•BuUeHn No, jtf. The Weathering of Coal, by S. W. Parr and W. F. Wheeler. 190©- 
Twreniy-fve cents. 

•Bulletin No, jp. Tests of Washed Grades of Illinois Coal, by C. S. McGorney. 1909. 
Seventy-five cents. 

Bulletin No, 40- A Study in Heat Transmission, by J. K. Qement and C M. Gariaiicl. 

1010. Ten cents. 

•Bulletin No. 41. TesU of Timber Beams, by Arthur N. Talbot 1010. Twenty centr. 

•Bulletin No. 4*. The Effect of Keyways on the Strength of Shafts, by Herbert P. 
Moore. 1010. Ten cents. 

Bulletin No. 4S. Freight Train Resistance, by Edward C. Schmidt 1010. Seventy- 
live cents, 

•Bulletin No, 44* An Investigation of Built*up Columns Under Load, by Arthur N. 
Talbot and Herbert F. Moore. 1011. Thirty-five cents, 

•Bulletin No, 4$, The Strength of Oxyacetylene Welds in Steel, by Herbert L. Wliitte- 
more. 1011. Thirty- five cents. 

Bulletin No, 46. The Spontaneous Combustion of Coal, by S. W. Parr and F. W. 
Kressmann. 1011. Forty-five cents. 

•Bulletin No, 47. Magnetic Properties of Heusler Alloys, by Edward B. Stephenson. 

1011. Twenty- five cenU, 

•Bulletin No. 48. Resistance to Flow Through Locomotive Water Columns, by Arthur 
N. Talbot and MeWin L. Enger. 1011. Forty cents. 

•Bulletin No. 49. Tests ot Nickel-Steel Kireted Joinu. by Arthur N. Talbot and Her- 
bert F. Moore. 101 1. Thirty cents. 

•Bulletin No. 50. TesU of a Suction Gas Producer, by C. M. Garland and A. P. Krats. 
1011. Fifty cenU. 

•Bulletin No, $1, Street Lighting, by J. M. Bryant and H. G. Hake. 1012. Thirty- 
five cents, 

•Bulletin No. 52. An Investigation of the Strength of Rolled Zinc, by Herbert F. 
Moore. 1018. Fifteen cents, 

•Bulletin No, $3- Inductance of Coils, by Morgan Brooks and H. M, Turner. lOlS. 
Forty cents, 

•Bulletin No. 54- Mechanical Stresses in Transmission Lines, by A. GuelL 1011. 
Twenty cents, 

•Bulletin No. $$, Starting Currents of Transformers, with Special Reference to Trans- 
formers with Silicon Steel Cores, by Trygve D. Yensen. 1011. Twenty cents, 

•Bulletin No. <tf. Tests of Columns: An Investigation of the Value of Concrete as 
Reinforcement for Structural Steel Coltimns. by Arthur N. Talbot and Arthur R. Lord. lOlS. 
Twenty-five cents, 

•Bulletin No, $7, Superheated Steam in Locomotive Service. A Review of Publication 
No. 127 of the Carnegie institution of Washington, by W. F. M. Goss. 1018. Forty cents. 

•Bulletin No. 5J. A New Analysis of the Cylinder Performance of Reciprocating En- 
gines, by J. Paul Clayton. 1012. Sixty cents. 

•Bulletin No, 59. The Effect of Cold Weather Upon Train Resisunce and Tonnage 
Rating, by Edward C. Schmidt and F. W. Marquis. 1012. Twenty cents. 

•Bulletin No. 60, The Coking of Coal at Low Temperatures, with a Preliminary Study 
of the By-Products, by S. W. Parr and H. L. Olin. 1012. Twenty-five cents. 

•Bulletin No. 6t. Charact-ristics and Limitations of the Series Transformer, by A. R. 
Anderson and H. R. Woodrow. 1018. Twenty-five cents. 

Bulletin No. 62. The Electron Theory of Magnetism, by Elmer H. Williams. 1018. 
Thirty- five cents. 

•Bulletin No. 63. Entropy-Temperature and Transmission Diagrams for Air, by C. R. 
Richards. 1018. Twenty-five cents. 

•Bulletin No. 64. Tests of Reinforced Concrete Buildings Under Load, by Arthur N. 
Talbot and Willis A. Slater. 1018. Fifty cents. 

•BulUtin No. 65. The St^am Consumption of Locomotive Engines from the Indicator 
Diagrams, by J. Paul Clayton. 1013. Forty cents. 

Bulletin No, 66. The Properties of Saturated and Superheated Ammonia Vapor, by G. 
A. Goodenough and William Earl Moshcr. 1018. Fifty cents. 

Bulletin No. 67. Reinforced Concrete Wall Footings and Column Footings, by Arthur 
N. Talbot 1018. Fifty cents. 

•BulUtin No, 68, Strength of I-Beams in Flexure, by Herbert F. Moore. 1018. Twenty 
cents. 

•Bulletin No. 69. Coal Washing in Illinois, by F. C. Lincoln. 1018. Fifty cents. 

•Bulletin No, 70. The Morur-Making Qualities of Illinois Sands, by C. C. Wiley. 1018 
Twenty cents. 

•Bulletin No, 71. Tests of Bond between Concrete and Steel, by Duff A. Abrams. 1014. 
One dollar, 

•Bulletin No. p- Magnetic and Other Properties of Electrolytic Iron Melted in 
Vacuo, by Trygve D. Yensen. 1014. Forty cents, 

•Bulletin No, 73, Acoustics of Auditoriums, by F. R. Wat&on. 1014. Twenty cents. 

•BulUtin No. 74. The Tractive Rrsistance of a 28-Ton Electric Car. by H. H. Dunn. 
1014. Twenty- five cents. 

*A limited number of copies of those bulletins which are sUrred are available for froe 
dittrlbotion. 
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THE UNIVERSITY OF ILLINOIS 
THE state: university 



The Vnhf^nity incladey the fotlowing depcrtmentt: 

The Onduate School 

The College of Liberal Arts and Sdencet (Ancient and Modern Lan- 
mages and Uterattxres; HistoTy^ Economies and Accountancy, 
Pomkal Science, Sociology; Philosophy, Psychology, Education; 
Hathenaatics; Astronomy^ Geology; Physics; Chemistry; Botany, 
Zoology, Entonaology;;. Physiology; Art and Design; Ceramics) 
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THERMAL PROPERTIES OP STEAM. 

I. Introduction. 

1. Experimental Data on the Properties of Steam. — The classic 
researches of Regnault gave the first reliable knowledge of the properties 
of steam. Although these experiments were made more than sixty-five 
years ago (most of Regnanlf s reports on the properties of steam bear 
the date 1847) with apparatus and methods incapable of the highest 
degree of accuracy, they are still deservedly held in high esteem^ and 
until recently, Regnault's data formed the basis of all tabulations of the 
thermal properties of steam. Within the last ten years there has been 
a revival of interest in the subject and a number of important investiga- 
tions, experimental and analytical, have been prosecuted. As a result, 
we have at present data of a high degree of accuracy covering nearly 
every phase of the work. The following is a summary of the more 
important of the experimental investigations : 

a. The relation between the pressure and temperature of saturated 
steam has been established definitely by three series of experiments made 
respectively by Holbom and Henning, Holbom and Baumann, and Scheel 
and House. The three series taken together cover the range 32^ F. to 
the critical temperature. These experiments were conducted at the 
Reichsanstalt with all the resources afforded by modem apparatus and 
methods of precise measurement. 

b. The relation between volume, pressure, and temperature of 
superheated steam has been determined by the experiments of Knoblauch, 
Linde, and Klebe at the Munich laboratory. These experiments afford 
satisfactory data for the range of pressure and superheat covered by 
them, but an extension over a much wider range should be made. 

c. A number of experiments have been made to determine the 
specific heat of superheated steam. Of these, the experiments con- 
ducted in the Munich laboratory, first by Knoblauch and Jakob and 
afterward by Knoblauch and MoUier, are justly accepted as the most 
reliable. At the present time similar experiments covering a wider 
range of pressure are being made by Lanz and Schmidt. 

d. The direct experiments of GriflSths, Joly, Smith, Henning, and 
Dieterici furnish data on the latent heat of saturated steam. 
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e. The variation of the specific heat of water has been the subject 
of several investigations. For the range 32°-212° F. the experi- 
ments of Barnes have been verified by those of Callendar, and they are 
generally accepted. Above 212° F. precise measurements of this impor- 
tant property are lacking. The only available experiments are those 
of Hegnault and Dieterici^ and neither of these can be accepted as 
thoroughly reliable. 

f . Four sets of experiments on the throttling of steam by Qrindley, 
Griessmann^ Peake, and Dodge, respectively, furnish valuable data that 
may be used for various purposes. Thus Davis has made effective use 
of them in establishing the curve of total heat of saturated steam ; and 
in the present investigation they are used as a check on the heat content 
of superheated steam. 

2. Purpose and Scope of the Investigation, — The various thermal 
properties of a vapor are not independent. On the contrary, the equa- 
tions that express the variations of these properties are related through 
certain well-known thermodynamic laws. The development of a general 
theory applicable to a vapor, as water vapor, involves the following steps : 
1. The establishment of a system of equations to represent the various 
thermal magnitudes. The forms of the equations chosen must be such 
that it is possible by proper selection of arbitrary functions to make the 
equations satisfy the thermodynamic relations. 2. The comparison of 
the equations with experimental data and the adjustment of constants 
to give the best possible agreement. 3. The satisfaction of the various 
thermodynamic relations. With suflBciently accurate and complete ex- 
perimental data it should be possible to work out such a theory and thus 
deduce a set of consistent equations giving all the thermal properties 
as functions of the independent variables chosen. At the present time 
the character of the experimental evidence is such as to justify a fresh 
attack on the problem. It is the purpose of this paper to exhibit the 
development of a general theory which apparently gives with extreme 
accuracy the properties of saturated and superheated steam over a range 
of pressure and temperature far wider than the range covered in techni- 
cal applications. 

In order to make the presentation more useful, and perhaps more 
intelligible, it has been considered advisable to include (1) a section on 
tliermodynamic relations, and (2) a section devoted to a brief historical 
review of some of the more important analytical investigations. 
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3. Adenowledgment — ^The very conBiderable labor of compatation 
has been lightened by the assistance of a nmnber of the writer's associates 
in the Department of Mechanical Engineering. In the earlier leases of 
the work Hr. A. Schaller and Mr. John A. Dent offered valuable sug- 
gestions and cheerfully assumed a considerable part of the work of com- 
putation. In the final revision^ Mr. S. L. Simmering^ fellow in the 
Engineenng College^ contributed largely to the progress of the investiga- 
tion* Mr. G. Meyer, Jr., and Mr. T. E. Maury, senior students, assisted 
in some of the final computations, and Mr. Meyer made the drawings 
for the illustrations. The valuable assistance of these men is hereby 
gratefully acknowledged. 

II. Thermodynamic Eblations. 

4. Notation, — Throughout the discussion the following notation is 
used: 

J = mechanical equivalent of heat 
A = 1/J, reciprocal of mechanical equivalent 
i = temperature on P. or C. scale 
T = absolute temperature 
p = pressure 

V = volxmie of unit weight (1 lb.) of fluid 
7 = weight of unit volume 
Cv= specific heat at constant volume 
^= specific heat at constant pressure 
u = intrinsic energy per unit weight 
q = heat absorbed by fiuid per unit weight 
g' = heat of liquid 
q" = total heat of saturated steam 
t = heat content = u + Apv 
r = latent heat of vaporization 
p = internal latent heat 
4f=^Ap {v" — t;') = external latent heat 
8 = entropy 
tf = Joule-Thomson coefficient 

The liquid state is characterized by a symbol with a prime, the state 
of saturated vapor by the same symbol with a double prime. Thus s^, 
u, and i' denote respectively the entropy, energy, and heat content of 
the liquid, 8^% vf\ V\ the same properties of the saturated vapor. 
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5. Relations Between Certain Thermal Properties. — ^The thermal 
properties of the liquid and saturated vapor are connected by relaidons 
that follow directly from the definition of the properties. Thus 

W'^q'+P q^^q' + r 

s^'^s' + 'Y r = i' + r 

The heat content i is defined by the relation 

1 = ti + Apv 
u being expressed in thermal units; hence 

%' = u' + Apv' i^^u^ + Apv". 

The heat of the liquid is given by 

J 82 

in which c' denotes the specific heat of the liquid. If the heat is 
absorbed by the water at constant atmospheric pressure from 32** to 212**, 
then for this range 

q'^i' = f^c'dt. 

J 32 

The entropy of the liquid is ^ven by 

the integral being taken between proper limits. 

Above 212^ F. a distinction between q" and i'' must be observed. 
By definition 

i^zizu" + Apv" 
and q''z=u'' + tlf = u'' + Apv'' — Apv\ 

Hence i" — g" = Apv', 

similarly *' ~" 9' = ^P^'- 

At low temperatures the diflEerence Apv' is small and negligible. The 
term total heat is often used indiscriminately for g" and ♦" ; in this dis- 
cussion^ however^ total heat refers to q^^ and the name heat content is 
reserved for the property denoted by i. 

6. Oeneral Equations.^ — From the two laws of thermodynamics 
the following principal equations are deduced. 

1. Goodenough't Principles of Thermodrnamict, Chap. IV. 
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dq^c^T + AT^^^^dv. (1) 

dj = Cpdr-iir(^) dp. (2) 

The energy eqnaticm 

du^^dq-- Apdv 

combined with (1) leads to the fundamental equation 

and the equation of definition 

di = dq + Avdp 
combined with (2) gives an analogous equation 



di^c^T-A 



'A^)7'h- '*' 



The application of the criterion of an exact differential to (4) leads to 
the important Clausius relation 

In the case of an isothermal process dT = and eq. (4) becomes 

while for a throttling process^ in which i remains constant, (4) becomes 

C7.),=t[''(^)r']- '" 

The derivative in the first member of (7) is the Joule-Thomson co- 
efficient fL 

At the saturation limit the thermal properties are connected by the 
Clapeyron-Glausius relation, namely 

The derivative-^ is obtained from the relation p = f(t) connecting the 

pressure and temperature of saturated steam. 

The relations (5) and (8) are specially important in the develop- 
ment of any general theory of vapors. The equations that express the 
various thermal properties cannot be developed independently. They are 
tied together by these relations, which must be satisfied as well as the 
experimental data. 
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7. Development of a Oenerai Theory. — The Clausius relation may 
be made the basis of a set of equations for a superheated vapor. Let the 
relation between p, v, and T be given by a characteristic equation 

v = Kp.T), (9) 

and let the specific heat Cp at constant pressure^ which varies with both 
pressure and temperature^ be expressed by 

cp=^(p,r). (10) 

Two differentiations of the first equation give the derivative -r™ and 

one differentiation of the second equation gives the derivative -r^. 

dp 

The form of the function in (9) must be so chosen that the experimental 

measurements of the volume are satisfied, the function ^ in (10) must 

likewise satisfy the measurements of specific heat, and furthermore 

the two functions must satisfy the Clausius relation, —AT — == =---£. 

ol^ op 

The development of the theory may proceed along either one of two 

lines of attack. (1) A charcteristic equation is assumed — ^this amounts 

to fixing the function / in (9) — and the constants are determined so as 

to make the equation represent the volume measurements. Successive 

differentiation gives the second derivative -rfi > ^^^ this is substituted 

in the Clausius relation. The result is an equation of the form 

whence an expression for Cp is found by an integration with respect 
to p. This will involve an arbitrary function of T as a constant of 
integration. Finally the equation for Cp is tested by comparison with 
experimental results. (2) The preceding method may be reversed. 
Starting with a system of Cp curves laid down from the available experi- 
mental evidence, the derivative I is evaluated, then by two integrations 

dp 

the volume i; is determined as a function of p and T, 

The first method, which is employed in this investigation, has an 
inherent diflSculty and for that reason has been condemned by Davis 
and Jakob. It requires the evaluation of the second derivative of an 
observed magnitude v. Now when a function is empirically fitted to a 
series of observed values, the errors of the function are liable to be 
magnified in the first derivative and the second derivative is still more 
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uncertain. This point may be made clearer by a geometrical illustration. 
If the experimental points are plotted on the v, T plane in groups, each 
representing a constant pressure, a series of curves may be made to 
pass through the groups of points with reasonable accuracy. The 

second deriyative "^ji measures the curvature of these constant-pressure 

lines, hence the curves must not only fit the observed values of v, but they 
must have precisely the proper curvature. 

The second method has been used by Jakob in his investigation (see 
p. 14). Its chief disadvantage is the practical diflBculty of performing 
the mathematical operations involved. Jakob avoided this difficulty by 
&e use of graphical methods, and his results were thus obtained by 
the measurement of lines and areas. Herein lies the advantage of the 
first method if it can be successfully applied. The mathematical manip- 
ulation is simple and direct, the various thermal ma^itudes are ^ven 
by closed expressions and therefore they may be calculated without 
recourse to measurement or approximation. 

With the expressions for v and Cp established by either method, an 
equation for the heat content i is found upon substituting these expres- 
sions in the general equation (4). A similar substitution in the general 
equation (2) leads to an equation for the entropy. The heat content 
equation when applied at the saturation limit must give values that 
satisfy the Clapeyron relation, eq. (8). Another check on the ♦ equa- 
tion is furnished by the various sets of throttling experiments. Accord- 
ing to thermodynamic theory the heat content i remains constant in 
a throttling process; hence the constant-i lines deduced from the equa- 
tion for * should lie in close coincidence with the experimental points. 

III. Review of Earlier Investigations. 

8. Zeuner^s Theory. — In this section is given a brief review of 
the more important theoretical investigations on the thermal properties 
of steam. Aside from historical interest, such a review is valuable in 
showing the development of the analytical processes with increasing 
exi>erimental evidence; and also in exhibiting the various methods of 
attacking the problem. 

The starting point of Zeuner^s investigation* is the assumption 
of a characteristic equation for superheated steam of the form 
pv = BT'-R, 

1, Zeuner's Technical Thermodynamics, Klein'i Tr., Vol. II, pp. SS0-84t. 
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in which the correction tenn R is considered to be a function of the 
pressure p only. Following Begnaulfs experiments^ the specific heat 
Cp is taken as a constant, viz. Cp = 0.4805. Then from the fundamental 
equations of thermodynamics, the law goveming the adiabatic expansion 
of superheated steam is deduced in the form 






which is the form found for adiabatic expansion of a gas, proTided 

i-1 

By a comparison of two expressions for the entropy of saturated 
steam the constant m is given the value 0.25. The correction term B 
is taken proportional to the fourth root of the pressure, and the char- 
acteristic equation thereupon becomes 

pv^BT-Cp^. 
The energy and heat content of unit weight of saturated steam are given 
respectively by the simple expressions 

4 
and with k = -r-, these become, in English units, 

o 

u=S57 + SApv 
i = 857 + 4 Apv. 

Zeuner compared the saturation volumes deduced from the charac- 
teristic equation with those given in Begnault's tables and found excel- 
lent agreement The volumes of the superheated vapor deduced fnnn 
the equation were compared with a few experimental values given by 
Him and Battelli and fair agreement was observed. The heat content 
of the saturated vapor calculated from the formula for ♦ checked with 
the values derived from Regnault's formula. 

Zeuner's theory represented excellently the experimental evidence 
available at the time it was presented. The Munich experiments, how- 
ever, have shown conclusively (1) that the form of the characteristic 
equation assumed by Zeuner cannot possibly represent correctly the 
volume measurements; (2) that the specific heat Cp is not a constant 
but a function of both the temperature and pressure. Furthermore, 
the admirable investigation of Davis has shown that Begnault's linear 
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formula for the heat content is clearly in error. The foundations of 
Zeuner's theory are therefore torn away. 

9. Callendar^s Theory^, — The theory proposed by Callendar is 
assumed to apply to all sapors. The starting point of the investigation 
is a modification of the Joule-Thomson equation 

^BT a 
^ p BT* 

Callendar observes (1) that the equation of a perfect gas at high tem- 
peratures is not pv = BT, but p(i; — 6) = BT, where 6 is the minimum 
volume or "co-volume** of Him and van der Waals. The value of 6 
may probably be taken as equal to the volume of the liquid when the 
vapor pressure is small. (2) If it be assumed that the average total 
kinetic energy of the molecules of a gas is directly proportional to the 
energy of translation, then the limiting value of the specific heat of 
a gas in the ideal state (p = 0, i;=oo) either at constant pressure or 
at constant volume must be constant. It is further assumed that the 
kinetic energy of the vapor is proportional to p{v — h) at all stages. 

Then the exponent of T in the small correction term -^r^ of the Joule- 
Thomson equation is not 2 but n = ^ n > the ratio of the limiting value 

of the specific heat at constant volume to the limiting value of pv/T. 
Next adopting the hypothesis of Maxwell regarding the partition of 
energy, the limiting value of this ratio for a triatomic gas like steam or 
CO2 should be 3.5. The equation deduced from these considerations is 

- BT /To\^^ 

■ ''-'=- -n^), 

in which To denotes the absolute temperature corresponding to 0** C. 
(273.1 C. or 459.6 P.). Taking CoTo'*^ as a single constant m, the 
equation becomes nrp 

By the application of the Clausius relation, the specific heat at constant 

pressure is given by the expression 

_ Amn (n + 1) 
<T>— (<T>)o-r j^ 

in which {c^)o denotes the assumed constant limiting value of Cp when 



1. On the Thermodrnamical Properties of Gases and Vapors. Proc. of the Royal 
Soc. of London, Vol. 67 (1900) » pp. 800-S80. 
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p = 0. Expressions for heat content, energy, and entropy are readily 
derived. The value of the constant (Cp)o is given as 0.4966, and with 
this Callendar computed values of Cp at the saturation limit for the range 
0^-200^ C. Values of the total heat, latent heat, and entropy for the 
same range were also computed and tabulated. 

Callendar^s woric was published in 1900, five years before the appear- 
ance of the Munich experiments and eight years before the publication 
of Davis' work on the total heat of steam. It is interesting to note that 
Callendar, on purely theoretical grounds, and in opposition to the then 
existing experimental evidence, forecast the more important of the recent 
developments of the subject. He showed the variation of the specific 
heat with pressure and temperature, though the values he calculated are 
not in good agreement with those now generally accepted. He chal- 
lenged the accuracy of Begnaulf s linear equation for total heat and 
predicted the proper form of the total heat curve, as it was afterward 
established by Davis. He calculated from Jol/s experiments the valne 
of the latent heat at 100** C. (212** F.) as 540.2 Cal., almost exactly 
the value that is now considered most probable. Upon the appearance 
of the Munich volume measurements it was found that Callendar's 
characteristic equation represented them quite accurately up to 160® C. 
Above 160** the agreement was not so good for the reason that the equa- 
tion gives the isotherms on the pv-p plane as straight lines, while the 
experimental points indicated isotherms with an appreciable curvature. 

The fundamental defect in Callendar's theory is the assumption of 
the constancy of the specific heat (Cp)o at zero pressure. In the absence 
of experimental evidence the assumption was natural and the basis for 
it appeared plausible. The experiments of Knoblauch and Jakob and 
the later confirmatory experiments of Knoblauch and Mollier showed 
conclusively that (Cp)o cannot possibly be a constant. The same thing 
is shown by the specific heat measurements of Mallard and Le Chatelier 
and of Langen at very high temperatures. 

Callendar's paper is properly regarded as one of the most important 
of the contributions to the literature on the properties of vapors. It 
contains suggestions of the highest value, and it shows what may be 
accomplished by the application of pure theory. However, in the light 
of the experimental evidence accumulated since the publication of the 
paper, it is clear that Callendar's equations without modification should 
not at present be used as a basis for a tabulation of steam properties. 

Professor Mollier of Dresden, recognizing the importance of Cal- 
lendar's investigation, made it the basis of a set of steam tables pub- 
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liahed in 1906.* The work of Mollier has been practically duplicated by 
Smith and Warren^ in their new steam tables published in 1912. It is 
di£Scnlt to justify the appearance of the last set of tables. The authors 
make a claim for the consistency of the values^ a claim which is readily 
granted since the values were calculated from a set of equations properly 
related through the general thermodynamic equations. Consistency is 
obtained, however, at the expense of accuracy. No account whatever is 
taken of the Munich experiments on specific heat and even Barnes' note- 
worUiy experiments on the specific heat of water are neglected. The 
Hdlier and the Smith and Warren tables are doubtless much better than 
the older tables based entirely on Begnault's data; but on the score of 
accuracy, they are not to be compared with the Marks and Davis tables 
or witii Peabod/s latest tables. 

10. Davis' Investigations. — To Dr. H. N. Davis of Harvard Uni- 
versity we are indebted for two of the most valuable and important 
contributions to the literature of the properties of steam. 

In his first paper/ Dr. Davis investigated the Joule-Thomson effect 
in the case of steam, using for this purpose the throttling experiments 
of Grindley, Griessmann, Peake, and Dodge. The object of the investi- 
gation was the verification of the law of corresponding states. From the 
four sets of throttling experiments, values of the Joule-Thomson 
co-eflBcient fi were determined, and the "reduced'* values of fi were com- 
pared with values of fi for carbon dioxide. It was found that the law 
was verified within the limit of error of the experiments. With respect 
to the properties of steam, the most useful result of the investigation 
was the establishment of a curve showing the variation of /i with the 
temperature. 

The important feature of Davis* second paper^ is the discussion of 
the new formula for the heat content of saturated steam. The throttling 
experiments were undertaken primarily for the purpose of gaining 
information on the specific heat of superheated steam. All attempts 
along this line were unsuccessful for the reason that the calculated 
specific heat depends upon the rate of variation of the heat content, and 
consequently errors in the formula for heat content are enormously 
magnified in the calculated values of the specific heat. Grindley and 
Griessmann used Regnaulfs linear formula for heat content and were 

I. Nene Tabellen und Diagramme fur Wasserdampf. Berlin. 1900. 

8. The New Steam Tables, D. Van Nostrand Co.. N. Y. 1912. 

t. On the Applicability of the Law of Corresponding Sutes to the Joule-Thomsoa 
Effect in Water and Carbon Dioxide. Proc. Am. Acad. Arts & Sciences, Vol. 45, pp. 248-204. 

4. Notea on Thermal Properties of Steam. Proc Am. Acad., Vol. 46, pp. 207-811, 1900. 
See also Proc. A. S. M. E.. VoL SO, p. 1410. 1008. 
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unable to obtain any consistent results. When the calculation is re- 
versed^ that is^ when the variation of i is determined from the assumed 
values of Cp, errors in Cp are reduced in the calculation of i. The ex- 
periments of Knoblauch and Jakob give reliable values of Cp. With 
these available^ Davis conceived the possibility of reversing the method. 
Taking the two sets of experimental data (1) the throttling experiments, 
(2) the Knoblauch values of Cp, he deduced his well-known formula 

i'^ = ♦,„ + 0.3746 (t- 212) - 0.00065 (< - 21»)« 
which is universally accepted for the temperature range 212^-400® P. 
That the Begnault linear formula for heat content was inexact had been 
apparent for some time; in fact, Callendar in 1900 had called attention 
to the matter, and from his theory had obtained an {-curve differing 
materially from Begnaulfs straight line. The achievement of Davis in 
definitely settling this vexed question must be regarded as one of the 
most noteworthy in the history of the subject 

A section of the paper is devoted to a critical discussion of the 
specific heat of superheated steam, and the results of the researches of 
the Joule-Thomson effect are used to develop important relations be- 
tween the specific heat and the coeflBcient /«. (See p. 36.) 

Davis also discusses the test furnished by the Clausius relation 
(page 8) and points out that Linde's characteristic equation can not be 
reconciled with the Knoblauch specific heat measurements through this 
relation. He goes so far as to say that such reconciliation is impossible, 
taking the accepted volume and specific heat measurements. 

The investigations of Davis are embodied in the Marks and Davis 
steam tables. 

11. Jakob's Investigation.^-'The Clausius relation is taken as the 
basis of the investigation, but the method used is the reverse of that 
used in the development of the present theory. Jakob first lays down a 
system of Cp-curves in accordance with the experiments of Knoblauch 
and Jakob and Knoblauch and MoUier. In the adjustment of the curves 
use is made of the thermodynamic relation suggested by Davis (see p. 
36). The characteristic equation is given the form 

p 

in which the correction term fi is a function of p and T. Since 
dT* AT* 



L Zeit des Verein. deuUcb. Inf., VoL 68, pp. 1>80-1«8S. l»lt. 
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the ClauBius relation gi?e8 



whence 



^J J T dp 



To obtain a lower integration limit, Jakob attempts to set a value 

of r at which temperature the derivative -^ reduces to zero. By a 

rather arbitrary process he arrives at the value of T = 12(W C, approx- 
imately. Hence at this temperature the term R changes sign. No 
attempt is made to deduce an equation c^=^<l> (p,T), and consequently 
the int^rations required in the determination of R are performed graph- 
ically. The final result of the process is a set of values of the specific 
volume Vj which are compared with the volumes calculated from Linde's 
equation. 

Jakob also gives a tabulation of the heat content of superheated 
steam. From the assumed specific heat curves, the mean specific heat 
from saturation to a given temperature t is obtained, by measurement; 
the product c^(i — t%) then gives the heat absorbed during superheat, 
and the sum t,.t + ^ (^ — U) is the required value of i 

12. Heck's Theory. — Professor R. C. H. Heck has published sev- 
eral papers on the properties of steam, and in his latest paper^ he has 
developed a complete theory. 

The starting point of Heck's investigation is the Joule-Thomson 
effect. Taking the identity 



(^).=-(-S)p(|)=-'^''' 



the variation of /t* with the temperature is known at least approximately 

from the work of Davis. A relation between i and p with t constant is 

thus determined, and ultimately an equation for % is deduced. This 

has the form 

i = io + y'p + zy'' 

in which t©, y and z' are rather complicated functions of the tempera- 
ture. The function i^ is the heat content for p = 0. To get this the 
specific heat (^ for /> = has to be determined, and for this purpose 

1. Journal A. S. M. E., Nor. 1918. pp. 1«1«1«S0. 
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the Enoblauch and Mollier experiments are used. The equation for 

Cpo is 

Cpo = 0.302+ j^^ +0.000144/. 

The general equation (6)^ p. 7, now furnishes a relation from which 
the form of the characteristic equation may be inferred. That this 
relation may be satisfied it is sufficient to give the characteristic equation 
the form 

in which y and z are functions of t that are related respectively to the 
functions y' and z. The constants in the various functions are so 
adjusted that the i and v equations satisfy the Clausius relation, and at 
saturation the Clapeyron relation. 

Heck's theory satisfies all the requirements imposed by thermody- 
namic laws. Unfortimately, the paper was published in abstract and the 
most valuable part — the comparison of the theory with experimental 
data — was omitted. It may safely be assumed^ however, that the agree- 
ment is satisfactory. 

13. Other Investigations. — Other investigations of less immediate 
importance may be noted. 

Linde^ in his discussion of the experiments of the Knoblauch, Lfinde, 
and Klebe experiments, after establishing his two characteristic equa- 
tions, attempted to deduce from them the latent heat of steam and the 
specific heat of superheated steam. The results obtained were not con- 
firmed by the later experiments on specific heats. 

Dieterici's paper entitled '^nergieisothermen des Wassers bei hohen 
Temperaturen''* describes an attack on the problem of the properties of 
steam by an original and ingenious method. In the light of our present 
knowledge, some of the basic assumptions are unsound, and the results 
therefore have no significance. 

Schiile' has recently published a tabulation of steam properties. 
Tlie values were obtained by purely empirical processes, and no attempt 
was made to correlate them through thermodynamic relations. Perhaps 
the most valuable part of Schiile's work is the attempt to determine the 
properties in the vicinity of the critical temperature. 



1. Mitteil. uber Forschungsarbeiten. Vol. 21, pp. 67-92. 

2. Annalcn der Physik (4), Vol. 16, pp. 907-980. 

3. Zeit. dcs Vercin. dcUtsch. Ing., Vol. 65, pp. 1606-1612. i661-16«7. 
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IV. Devblopment of a Oenebal Theory of the Pboperties of 

"Steam. 

14. Units and Constants Employed. — In this section is given the 
deTelopment of the equations that represent the various properties of 
saturated and superheated steam. The order of topics is as follows : 

A. Belation between pressure and temperature of saturated steam. 

B. Specific volumes. Characteristic equation of superheated steam. 

C. Specific heat of superheated steam. ^ 

D. Heat content, latent heat, heat of liquid, energy^ and entropy. 

E. . The Joule-Thomson effect 

F. Thermal properties near the critical temperature. 

As a preliminary step, the establishment of certain units and con- 
stants is necessary. These are 

1. The thermal unit 

2. The mechanical equivalent of heat 

3. The temperature of melting ice on the absolute scale. 

In this investigation the mean B.tu. is taken as the thermal unit 
This is defined as l/180th of the heat required to raise the temperature 
of a pound of water from 32^ to 212^ F. The corresponding mean 
calorie is by GriflSths* identified with the 17^** calorie and by Barnes 
with the W calorie. 

The various determinations of the mechanical equivalent seem to 
justify the value established by Qriffiths^ in 1893, namely, 
1 mean calorie = 4.184 joules 
1 mean B.tu. = 777.64 standard ft. lb. 
This value has been used. 

Various determinations of the absolute temperature of the ice-point 
are discussed by Marks and Davis*, and the value chosen by them is 
491.^64. It does not seem that the evidence is sufficient to justify the 
degree of accuracy indicated by the fifth figure; hence in this investiga- 
tion 491.^6 has been used. The relation between absolute and ordinary 
temperatures is thus given by 

r = ^ + 469.6. 

A. BXLATION BETWEEN TEMPERATURE AND PRESSURE OF SATURATED 

BTBAM. 

15. Experimental Data. — The important relation p = f(t) for 
saturated steam has been definitely determined by three sets of experi- 

1. Tbe Thermal Meftrarement of Energy. 
I. Stean Tablet, p. SS. 
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ments conducted at the Reichsanstalt within the last five years. Each set 
covers a different range of temperature; Scheel and Heuse's* experi- 
ments cover the lower range 0-50° C. (32^-122** F.), Holbom and 
Henning's' the range 50^-200*' C. (122^-392** F.), while Holbom and 
BauinannV experiments extend from 200"* to the critical temperature. 
The character of the work done at the Beichsanstalt is a sufficient guar- 
anty that every precaution was taken and that the measurements are as 
precise as can be obtained with modem instruments and methods. 

The values of the saturation pressure as deduced from the respec- 
tive sets of experiments are given in the following tables. In the third 
table the values are not those given by Holbom and Baumann but values 
deduced therefrom by Prof. Marks.^ 

Table 1. 
Scheel and Heuse. 



Temp. 


Vnmaxt in mm. of nmmrf 


c!^ 





1 


2 


3 


4 


5 


6 


7 


8 


• 





4 579 


4 925 


5.254 


5.685 


6.101 


6.543 


7.014 


7.514 


8.046 


8.610 


10 


9.210 


9 845 


10519 


11.233 


11.989 


12.790 


18.637 


14 533 


15.840 


ie.481 


20 


17.539 


18 555 


19.832 


21.074 


22.883 


23.763 


25.217 


26.747 


28.558 


30.052 


30 


31.834 


33 70(1 


35.674 


87.741 


39.911 


42.188 


44.577 


47.062 


49.708 


&2.450 


40 


55.341 


58.35 


61.52 


64.82 


68.28 


71.90 


75.67 


79 62 


83.74 


88.06 


60 


92.54 





















Table 2. 
Holborn and Hbnnino. 



Temp. C. 


Ptemnre in mm. of mercnry 

















2 


4 


6 


8 


50 


92.3 


101.9 


112.8 


123.6 


185.9 


60 


149.2 


163.6 


179.1 


105.9 


214.0 


70 


233.5 


254.5 


277.1 


301.3 


827.2 


80 


355.1 


384.9 


416.7 


450.8 


487.1 


90 


525.8 


567.1 


611.0 


657.7 


707.8 


100 


760.0 


815.9 


875.1 


937.9 


1004 


110 


1074.5 


1149 


1227 


1810 


1897 


120 


1489 


1586 


1687 


1796 


1907 


130 


2026 


2150 


2280 


2410 


2560 


140 


2709 


2866 


3030 


8202 


8881 


150 


3560 


3764 


8968 


4181 


4402 


160 


4633 


4874 


5124 


5384 


5655 


170 


5937 


6229 


6538 


6848 


7175 


ISU 


7514 


7866 


8230 


8608 


8999 


190 


9404 


9823 


10256 


10705 


11168 


200 


11647 


12142 


12653 







1. Annalcn dcr Phyaik (4), Vol. 81, pp. 716-785, 1910. 

2. Annalcn dcr Physik (4), Vol. 25, pp. 888-883, 1908. 

8. Annalcn dcr Physik (4), Vol. 81, pp. 946-970, 1010. See also articles by Riiteen: 
The Locomotive, Vol. 26, pp. 86, 188, 246; Vol. 87. p. 64; Vol. 28, pp. 88, 118. 
4. Proc. A. S. M. E.. Vol. 88, p. 672. 
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HOLBORN AND BaUMANN. 
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?mmmimVb.vm n,iM. 


F. 





10 


80 


80 


40 


60 


00 


70 


80 


90 


m 
m 

888 
718 


MO.00 

070.88 
1880.0 
80B8.4 


878.84 

748.88 

1887.8 


808.88 

810.81 
1788.9 


8a.i8 

888.88 

18U.8 


880.8S 
960.88 

90H.1 


481.86 
1048.8 
8808.1 


406.96 

1180.8 
8M9.8 


618.06 
1888.7 
8681.4 


686.08 
18».0 
8097.1 


010.18 
1438.8 
8888.8 



16. Presiur&'Temperature Farmvloi. — ^A large number of formulas 
hare been proposed to represent the relation between pressure and tem- 
perature of saturated steam. The greater number of these are purely 
anpirical^ but a few have a semi-rational basis. 

Of the earlior formulas suggested, two have been quite generally 
used, namely, Boche's and Biof s.^ From certain theoretical considera- 
ti<ms Boche deduced the form 

in whidi a, a, m, and n are constants and = < + const, that is, $ 
doiotes the temperature measured from some zero arbitrarily chosen. 
Biot suggested the more general form. 

logp=a + haf + cp^ 
whidi has fiye constants. The Biot formula has been generally used to 
represent Begnaulf s experiments. 

A group of formulas may be deduced from the following considera- 
tions. The Clapeyron relation 

may be written in the form 

dp 1^ 
" T 



dt 



rdT. 



p T Ap {v" — v') 
In the fraction of the second term the numerator is the latent heat r and 
the denominator is the external latent heat, 

that 1% the part of r that is used in OTcrcoming external resistance. 
If Talues of r and of ^ be plotted as ordinates against temperatures as 
abadssas, the resulting curves are of such character that they can 1k 
represented very dosely by equations of the type 

1. Preston's Theory of Hest, Art 188. 
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r = ai + a^T + a^T* + aJ*+ 

^ = r(6,+6,r+6,r«+6^r« + ) 

The second curve should properly pass through the origin^ since the 
product pt;" should approach zero as T approaches zero. By division 

Z.=l(c, + e,T + e,T* + e,'I*+ ) 

and the substitution of this expression in the original Clapeyron relation 
leads to the differential equation 

•y= ^(e, + c,T + cT» + c,T*+ ) dT. 

The integration of this equation gives the following general form for 
the relation p = f{t) 

logp = 4+ ?r + C\ogT + DT + ET* + FT^+ (11) 

The number of constants may be increased indefinitely by taking more 
terms involving the higher powers of T; hence the equation may be 
fitted if desired to a large number of experimental points. The signs 
of the coeflScients B, C, D, E, etc., may, of course, be either positive or 
negative. 

Several formulas that have been proposed are simply modifications 
of this general equation. 

a. The Dupri-Hertz formula, which is usually written in the form 

logp = fc-mlogr- J-, 

includes the first three terms of the general equation. 

b. Callendar's formulcL^ — Callendar deduced from his equations for 
total heat and entropy a pressure-temperature relation of complicated 
form, but remarked that the equation could bewritten in the form 

logp = ii+-jr+(71ogr + small terms. 

c. Bertrand^s formulas.*— It the expressions for r and Ap {v" — v') 
are taken as linear in T, the integrand assumes a form that permits inte- 
gration in finite terms. Bertrand assumed that for water vapor the 
following relations are sufiSciently well satisfied. 

p{v'' — v')=B(T + a), r = M-nT 
The Clapeyron relation then becomes 

d£^ m-nT 
p ABT{T + ay^ 



1. Proc Royal Soc of London, Vol 07, p. S86, 1900. 
S. Chwolson, Lehrbuch der Pfajtik, Vot 8, p. 780. 
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from which P^^JtTo)? 

or logp = logifc + alogr-i81og(r + a) 

In deducing Bertrand's second formula^ it is assumed that the 
relation 

holdfl good for steam. From this relation the equation 

T 
or logp = logi — nlog-yT^^ 

is easily obtained. While Bertrand's equations are convenient for the 
pupoees of calculation, they cannot be extended over any considerable 
temperature range without change of constants. The same statement 
applies to the Dupre-Hertz formula. 

d. Marls' formula. — ^If in the general equation (11) the constant 
C is made equal to zero and terms containing powers of T above the 
second are suppressed, the resulting equation has the form deduced from 
quite different considerations by Prof. Marks.^ 

One other formula should be mentioned. Thiesen's formula involves 
&e critical temperature fk and atmospheric pressure. In the metric 
units (p in mm. of mercury and i in deg. G.) it may be written in the 
form 

riog^ = i4(^-100)-B(<k-0*-(^k-100)* 

Thiesen's formula is used as a standard of reference by Henning* in 
an elaborate discussion of various pressure-temperature measurements. 

It is an easy task to fit any of the proposed equations to the experi- 
mental values through a limited temperature range; but to obtain a 
dngle equation that will satisfactorily represent the experiments over 
the entire range from 32^ to the critical temperature is a problem of 
Bcnne di£Bculty. 

Marks' equation, 

represents the experimental values above 400^ F. with remarkable accu- 



1. Proc A. S. M. E.. VoL 8S, o. 67S. 

t. Annalen der PhytOc (4), Vol n, pp. 600680, 1007. 
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racy and may be extended to 300^ F. with satisfactory results. Below 
300^ the Marks curve begins to run below the experimental points, as 
shown in Fig. 1, and the Scheel and Heuse points are missed entirely. 
Heck^ has slightly changed the constants of the Marks equation with the 
avowed purpose of getting the proper value of p at 212^ F. At this 
temperature the Marks equation gives p = 14.672, while the exact value 
is 14.697. The two sets of constants are as foUows: 





Marks 


Heck 


A = 


10.615345 


10.606400 


log B = 


3.6878597 


3.6897500 


logC = 


3.6075880 


3.6206462 


logD = 


6.1439400 
r = i + 469.64 


6.1601803 



e.oot 




Fig. 1. 



T«MP. F. 

Pressure and Temperature of Saturated Steam. 



The curve H, Fig. 1, shows the agreement between Heck's equation and 
the experimental points. It is apparent that Heck's modification im- 
proves the agreement throughout the lower range of temperature, which 
is the most important Above 600®, however. Heck's curve begins to 
deviate widely from the Holbom and Baumann points. 

The equation worked out in the present investigation may in a 
sense be regarded as a modification of Marks' equation. In the first 
place a term involving log T was added as is suggested by the general 
form (11). The equation thus took the form 

1. Journal A. S. M. E., VoL S6, ^ 1M7, 1918. 
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iogp=A-y-ciogr-z>r + ^r«, 

and the following constants were determined : 

A = 10.5688080 log Z> = 3.6088020 

log B = 3.6881209 log E = 611463000 

C= 0.0155 r = ^ + 459.6 

With these constants^ the equation represents the Holbom and Baumann 
points above 400"^ with substantially the same accuracy as the Marks 
equation, and it represents the experiments throughout the range 32^- 
300^ very much better than the Marks equation. It is, however^ open 
to two objections: (1) At 212° it gives p = 14.694, which is still 
too low; (2) at 32° it gives a value of p considerably higher than is 
indicated by the Scheel and House experiments. 

It was found that these objections could be removed and the agree- 
ment improved throughout by the inclusion of a small correction term. 
The final equation is, therefore, 

logp = l- ^-CX^T-BT + BT^-L (A) 

where A = 0.0002 (10 -10 «• + «*), 

and tf=:?:^^. 

" 100 

The addition of the term A amounts to the inclusion of terms involving 
T* and r* in the general formula (11). The values of ClogT and A 
are easily calculated, and since A is an even function of i the values 
below 370° are duplicated above 370°. The labor of calculation is there- 
fore not materially increased by the inclusion of these terms. 

17. Comparison of Formulas. — In Fig. 1, equation (A) is used as 
a standard of reference. The points plotted are taken from the pre- 
ceding tables, and the curves M and H represent respectively the equa- 
tions of Marks and Heck. Ordinates represent the relative deviation 
from the value of p calculated from the formula. It is seen that the 
proposed equation (A) represents the experimental values with a high 
degree of accuracy. The deviations except at two or three isolated points 
are well within 1 part of 1000, which is probably within the limit of 
accuracy of the experiments. For the lower range 32° to 400®, Heck's 
formula is superior to Marks^ and the proposed formula (A) is superior 
to both. Above 450° Marks' formula gives slightly better results ihan 
the new formula, and Heck's equation shows considerable deviation from 
the experimental points. 
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It will be seen tliat none of the three curves follows the general 
coarse of the Scheel and House points. Both the M and H cunres tend 
to favor the low Holborn and Henning point at 122** F. rather than the 
high Scheel and Heuse point at the same temperature. The curve of 
equation (A) on the other hand, lies nearer the Scheel and Heuse points 
throughout except at the extreme end of the range near 32**. The dis- 
crepancy between the two points at 122** is greatly magnified in tiie 
figure; the actual pressure difference is 0.24 mm. of mercury. Scheel 
and Heuse have noted this discrepancy and they defend the higher point. 
Equation (A) is probably more accurate throughout the range 40*^-200^ 
than ei&er of the others. At 32"^ the value calculated from the equation 
is 4.587 mm. while the accepted value is 4.579 mm. of mercury. The 
discrepancy is unimportant so far as pressures are concerned. The 
significant fact is that, accepting the Scheel and Heuse points as authen- 

dp 
tic, the derivative -^ calculated from any one of the three of the 

equations must be too small in the range 32 ^^-SO"*. The effect of this 
error vnll be shown in another section. 

B. VOLUME OF SUPEBHEATED AND SATURATED STEAM. 0HABA0TBBI8TI0 

EQUATIONS. 

18. Experimental Data. — ^Direct experiments on the specific volume 
of saturated and superheated steam have been made by Bamsay and 
Young*, by Battelli*, and by Ejioblauch, Linde, and Klebe*. The experi- 
ments in the Munich laboratory conducted by Ejioblauch, Linde, and 
Klebe were so superior in all respects to those of the other investigators, 
that the results are generally accepted as decisive. 

The apparatus used in the Munich experiments was so arranged 
that three sets of observations were made. 1. The pressure of the 
saturated vapor corresponding to the temperature. 2. Simultaneous 
values of pressure and temperature corresponding to a predetermined con- 
stant volume of superheated steam. 3. The corresponding saturation 
values of p and t for the given volume. In conducting the experiment 
the yoliune of a predetermined weight of steam was kept constant and 
corresponding temperatures and pressures were observed. These observed 
values of p and t when plotted give a constant volume curve, or "isochor'* 
on the p^plane. It was found that the curves, within the limits of 
accuracy of the experiments, were straight lines. These lines were 



1. Phil. Trtni. Koy. Soc. of London, Vol. 188- A, p. 107 (1899). 
8. Annalei de Chlmie et de Physique (7), Vol. 8, p. 408 (1894). 
8. Mitteilungen fiber Forschungsarbcit., Vol. 21, pp. 88-72 (1905). 
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prolonged to intersect the sataration cnrye p = f(t), and the points of 
intersection gave, therefore, simidtaneons values of p, v, and t, at the 
sataration limit. 

For convenience in establishing a characteristic equation, Linde 
made use of the scheme of representation devised by Amagat. Values 
of the product pv were plotted as ordinates against values of p as 
abscissas. The experimental points were not taken for this purpose but 
rather the points determined by the intersection of the successive isochors 
by lines of constant temperature. In this way the points on the pv-p 
plane are separated into groups, each of which is associated with a 
particular temperature. In other words, curves tiirough the successive 
sets of points are lines of constant tanperature, or isotherms. Fig. 2 
shows the points as thus determined. These were not copied from 
Linde's chart, but were calculated independently from the experimental 
data by Mr. Simmering. 

19. Characteristic Equations. — A large number of equations have 
been proposed to represent the relation between the p, v, and t of super- 
heated vapors. In general these equations have the form 

pv=^BT — B 

OT the form ^ , x t.^ t> 

p{v — l)-BT — R, 

in which £ is the so-called correction term. In the second form account 
is taken of the co-volume (see p. 11) . The term E is taken as a function 
of one or more of the variables, p, v, t. Zeuner makes B = Cp^, Tumlirz 
assumes simply R = Cp. In Callendar's equation, namely 

"r) 

B is proportional to the product p2^''. It may be noted that if B is 
taken as a function of p and 7, or as a function of p alone, and p 
appears in the first power only, then the isothermals on the pv-p plane 
are straight lines. The Tumlirz equation pv = BT — cp gives a group 
of parallel straight lines, while the Callendar formula gives straight 
lines inclined at different angles. In one group of equations the term R 
is made a function of v alone or a function of v and t. In the well known 
van der Waals equation 

« ^ v — 6 
v^ 
and in the Glausius equation 



T (v + B)*' 
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In the first empirical formula proposed by Linde 



"-.[<"§) -"} 



Since p and T are always taken as the independent variaMes and 
V is the magnitade calculated, it is extremely inconvenient to have an 
equation with a power of v higher than the first; hence equations having 
R a function of p and T have a practical advantage. With this point 
in view, Linde constructed his second equation, namely 



pv = BT-p{l + ap) 



[c(f)--4 



This equation has been generally accepted, and from it have been calcu- 
lated the values of v that appear in the Marks and Davis and the Peabody 
steam tables.^ 

While linde's second equation represents the experiments within 
the limits of accuracy it is open to two serious objections. (1) At 40S*^ C. 
the correction term B vanishes and for higher temperatures it changes 
sign. In the language of Linde, the vapor bcomes a more than perfect 
(ubervoUkomenes) gas at temperatures above 402®. (2) Taking the 
specific heat measurements of Knoblauch and Mollier as decisive, it is 
impossible to satisfy the Clausius thermodynamic relation with the 

values of the derivative -r=> obtained from lande's equation. This 

means that while the constant pressure curves deduced from Linde's equsr 
tion pass through the experimental points with sufficient accuracy, tiiey 
have not the proper curvature. Dr. Davis in his paper on the properties 
of steam' has pointed out this defect, and has expressed the opinion 
that no reliable Cp values can be obtained through the Clausius equ&tion 
from any volume measurements as yet available. That this view is not 
justified will be shown in the following section. 

In the course of the present investigation a number of equations 
have been developed. These diflfer slightiy in form, and each may be 
considered a modification of lindens second equation. The first equation' 
was given the form 

v + c=— — {l + ap)j^. 



1. Marks and DaviSt Steam Tables and Diafframs. p. 08. 

t. Am. Acad, of Arts and Sciences, Vol. 45, p. 988 and p. SOS. 

S. Goodenoufh'a Principles of Thermodynamics, p. SOS. 



Digitized by 



Google 



GOODENOUGH — THBRKAL PB0PBBTIB8 OF 8TSAK 27 

The eqaation resembles Lindens equation in retaining the expression 
(l + ap) which serves to give the parabolic form to the isothermals 
when drawn in the pv-p plane. See Fig. 2. The constant D in linde's 
equation is dropped, but another constant is added to v. The Talues 
assigned to the constants were as follows : 

Metric units English units 

{p in kg. per sq. m.) (p in lb. per sq. in.) 

B = 47.113 JS= 0.5963 

log m = 11.19839 log i» = 13.67938 

n= 5 n= 6 

c= 0.0055 c= 0.088 

a= 0.00000085 a= 0.0006 

With these constants the equation represents the experimental results 
with substantially the same accuracy as linde's equation ; and by means 
of the Clausius relation the specific heat measurements of Knoblauch 
and Mollier are fairly well verified. 

A careful study of conditions to be satisfied led to further modifica- 
tions. It was found that more consistent results could be obtained by 
taking a fractional power of p in the correction term. Further, it was 
found that by taking 4 instead of 5 for the exponent n the constant c 
could be omitted. Hence the second equation was given the form 

The constants for this equation are 

Metric {p in kg. per sq. m.) English (p in lb. per sq. in.) 

log B = 1.67274 log B= 1.77508 

log m = 8.65429 log m = 10.88000 

3a = 0.001131 3a = 0.03 

n = 4 n= 4 

In all respects this equation is an improvement over the first 
equation. 

Further consideration of the question led to another slight modi- 
fication with a corresponding change of constants. Accepting Callendar's 
suggestion that the first member should contain a term to represent the 
co-volume, the equation was given the form 

„_c = H_(i + 3ap'*)^ (B) 

and the value of c was taken as the specific volume of water. Hence, 
when the equation is used to determine the specific volume of saturated 
steam, the first member becomes simply v" — v'. Since this difference, 
rather than the steam volume v", occurs in the Clapeyron relation and 
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in Other thermodynamic formulas^ the inclusion of the constant c really 
simplifies the calculation of the thermal magnitudes that involve specific 
volumes. The constants of the final equation are as follows : 

Metric English 

log 5 = 1.67206 log B= 1.77441 

log m = 8.69929 log m = 10.82600 

log 3a = 3.28644 log 3a = 2.71000 

n=4 n= 4 

With the satisfaction of the Glausius relation in view^ Heck^ has 
developed an equation which is in form considerably different from any 
heretofore suggested. It is 

^ BT E F ,, 

^ p (i + 130)* (^ + 40)«^' 
The constants are: JS = 0.6966, log ^ = 4.66366, log 2^ = 11.02244. 
Pressures are to be taken in lb. per sq. inch. 

It may safely be assumed that Heck's equation represents the volume 
measurements sufficiently well and that it satisfies the Glausius relation. 
20. Teats of the Characteristic Equation. — The following compari- 
sons are made to establish the validity of equation (B) as far as specific 
volumes are concerned. The question of the satisfaction of the Glausius 
relation is discussed in the following section. 

1. Isothermal curves are calculated from (B) and drawn on the 
pV'p plane along with the points plotted from the measurements of 
Knoblauch, Linde and Elebe. The result is shown in Fig. 2, which may 
be compared with Pig. 13 in Lindens paper.* The agreement between 
the curves and points is thoroughly satisfactory. 

2. As has been stated, the constant volume lines of Ejioblauch^ 
Linde, and Klebe when drawn on the p^plane appeared to be straight 
lines. linde' has compared the slopes of these lines as observed with 
the slopes calculated from his first equation. The slopes at the saturation 
limit have been calculated from (B), and the following table gives a 
comparison 



Table 4. Values of 



m. 



I - 101.4 112.S \W.h 13g.2 1S0.8 168.2 170 180.6 183 

P)ram(B) 30.7 44.0 68.4 09 184.7 180.2 224.8 201.5 800.7 

Liade 30.4 48.0 67.4 07.0 132.0 188.0 221.7 287.5 808.7 

OlMcmd 80.4 44.8 68.0 09.8 184.0 188.6 226.0 203.0 318.0 

HMk 80.6 0&.3 178.7 285.2 



1. lournal Am. Soc Mech. Eng'nrt, Nov., 1918, p. 1619. 
8. Mitteil. ubcr Forschungsarbeit, Vol. 81, p. 68. 
8. Loc. cit, p. 67. 
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The comparison is somewhat misleadingy because both Ldnde's 
second equation and equation (B) give values of the slope that vary 
slightly with the temperature. This variation is shown for four of the 
experiments. 

Table 5. 



Variation op| 
Exper. No. 1 < = 101.4 



m. 



30.7 
No. 12 t = 126.6 



[dT/y 
Jo, 12 i 

\df)r 

Jo. 22 i 
Jo. 

(i 



WITH TratPBRATimE. 

120.0 140.0 160.0 

30.1 29.9 

160.0 180.0 

67.0 66.9 

180.0 

131.2 



30.2 
140.0 

67.7 
160.0 
133.2 
180.0 
219.9 



68.4 

No. 22 t = 160.3 

134.7 

No. 29 < = 170.0 

The change in slope introduces a curvature in the constant vohime 
lines^ so slight however, that it can scarcely be detected in the figure. 
It is clear that the slopes deduced from (B) agree sufSciently well with 
the observed slopes. 

3. Values of v^\ the specific volume of the saturated vapor, as cal- 
culated from (B) are compared witti values calculated from linde's equa- 
tion. The following table shows the comparison : 

Tablb 6. 
Comparison op Speoipio Volumes. 



T«Dp.C. 


100 


110 


120 


180 


140 


180 


100 


170 


180 


»»froin(B).. .. 
»».Linde 


1.6738 
1.6740 


1.211 
1.211 


0.8920 
0.8922 


0.0002 
0.0090 


0.0096 
0.8091 


0.8928 
0.8921 


0.807S 
0.8078 


o.2ai 

0.2180 


0.19O 
0.19a 



At the saturation limit the two formulas give practically identical values 
throughout the range of temperature covered by the experiments. 

4. For the range 0**-100** C. and for temperatures above 180® 
C. there are no reliable experimental values to serve as a check of the 
formula. However, the specific volumes of the saturated vapor given in 
the Marks and Davis tables may be accepted as fairly accurate as they 
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were calculated by means of the Clapeyron relation from values of the 
latent heat that are at least approximately correct. The following table 
shows a comparison of volumes obtained from (B) with the Marks and 
Davis values. 

Table 7. 
Comparison of Specific Volumes. 



TiBBI|>.F. 



32 



40 



80 



ISO 



160 



SCO 



tlS 



240 



280 



220 



400 



440 



480 



620 



f'fRMlCB) 

f'.M.AD. 



329fl244C632 
2204 2«» 032 



E.S20I 
I.S 203.1 



a|77.28 28.66 20.81 
77.20133.60 20.72 



It. 
16.321 



33 8.66 



8.64 



4.82 

4.91 



2.064 

2.057 



1 
1.8711 



.220 0. 
1.220 



820 
0.81 



0.56 



0.301 
0.30 



0.274 
0.27 



From the comparison it appears that formula (B) may be accepted, 
so far as saturation volumes are concerned, for the entire range 
32<»-600** P. 

5. For the volumes in the region of high superheat there is at 
present no check. The measurements of Knoblauch, Linde, and Klebe 
reach only to about 50** C. (120** F.) of superheat. The extension of 
any formula to 400® or 500® superheat is therefore an extrapolation, 
the validity of which is uncertain. On account of the character of the 
correction term in Lindens formula (see p. 26), it is practically certain 
that at high superheat Lindens values are too high. Jakob* in the course 
of this investigation has deduced values that run consistently lower than 
those of Idnde at the higher superheats. As a matter of interest a com- 
parison has been made between three sets of values for three different 
pressures, 1, 9 and 19 kg. per sq. cm. This is shown in the following 
table: 

Table 8. 
Specific Volumes of Superueatbd Steam. 



p := 10000 kc. per n. m. 

I = 09.1 130 160 190 220 250 800 

ifRiBi(B) 1.72S4 1.8777 2.0233 2.1675 2 3100 2 4536 2.6004 

v^IiDde 1.7260 1.8783 2 0245 2.1605 2.3137 2 4571 2.6954 

^Jakob 1.7281 1.8780 2.0237 2.1674 2.3107 2 4535 2.6909 

p = ooooo 

1= 174.6 190 220 250 300 

ifnmCB) 0.2193 0.2293 0.2480 2659 0.2046 

v-llinde 0.2190 0.2293 0.2483 2665 0.2959 

^Jakob... 0.2195 0.2296 0.2479 0.2655 0.2939 

#=190000 

1= 206.0 220 250 300 

(fr«iiD(B) 0.1068 0.1107 0.1208 0.1362 

9^Liad6 0.1068 0.1108 0.1213 0.1374 

Ijakob 0.1071 0.1113 0.1210 0.1350 

The comparison is shown graphically in Fig. 3. The ordinates of curve 
L represent the difference between Lindens values and the values given 

T. Zieit. des Vcrein. deutsch. Ing., Vol. 56, p. 1987. 
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Comparison op Specific Volumes. 



by eq. (B). Similarly, curve J applies to Jakob's values. It will be 
seen that, in general, the volumes calculated from (B) lie near Linde's 
volumes at the saturation limit, but approach more nearly Jakob's values 
with increasing superheat. It will be observed that the curve J cuts tbe 
base line (which represents formula (B) ) in two points for the pressure 
of 1 kg. If the superheat is carried sufficiently high at the other pres- 
sures, a second intersection will likewise be obtained. The correction 
term R in Linde's equation changes sign at 402** C, and in Jakob's 
system the change of sign occurs at 920** C. Henoe before reaching 920** 
Jakob's values must rise above those calculated from (B). 

The correction term in eq. (B) does not change sign at any tempera- 
ture. It approaches zero as T is indefinitely increased, and it becomes 

BT' 

negligible compared with the term when the pressure becomes very 

small. In these two limiting cases, therefore, equation (B) merges into 
the equation 

p{v-c)=BT. 

Evidently the form of equation (B) is such as to justify eztrapola- 
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tion beyond the region of the experiments; and it is probable that the 
Tillies of V calculated from this equation are worthy of confidence both 
at the saturation limit and in the r^on of superheat. 

C. SPECIFIC HEAT OP SUPERHEATED STEAM. 

21. Experimental Data. — ^The experiments on specific heat may be 
diyided into groups as follows : 

1. The early experiments of Begnault with steam at atmospheric 
pressure and at temperatures relatively close to saturation. 

2. The experiments of Mallard and Le Chatelier, Langen^ and 
Pier at very high temperatures. 

3. The experiments of Holbom and Henning with steam at atmo- 
si^keric pressure and a temperature range of 110''-1400'' C. 

4. The experiments of Grindley and Oriessmann using the throt- 
tliog method. 

5. Becent direct experiments with steam at various pressures. Of 
tiiesey the experiments of Sjioblauch and Jakob and of Knoblauch and 
MoUier performed in the Munich laboratory are specially noteworthy. 
Similar experiments have been made by Thomas. 

B^naulfs experiments made in 1862^ indicated a constant value 
of Cp = 0.4805. Davis* has recomputed Eegnaulf s values and has de- 
duced a somewhat smaller value, namely, Cp = 0.4762. For the pressure 
and range of temperature covered in the experiment, Regnaulf s value 
agrees well with the results of recent experiments. 



L 
1 


Mem. Inst de France, VoL S6. p. 167 (1862). 
Proc. Am. Aad.. Vol 46. p. t86 (1910). 
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The high temperature experiments noted in group 2 have only an 
indirect bearing on the present investigation. The results obtained by 
the different investigators are discordant, but they all agree in showing 
a marked increase of specific heat with rising temperature. In Fig. 4 
the strai^t line L represents the linear relation 

Cp = 0.439 + 0.000239< 
established by Langen, curve P represents Pier's equati<Hi, and curve H 
the equation given by H<dbom and Henning. 

The experiments of Holbom and Henning^ form a link between 
the high temperature experiments of group 2 and the experiments of 
group 5. These measurements indicate values of Cp consistently lower 
than those obtained in the Munich experiments. While considerable 
wei^t must be attached to the Holbom and Henning experiments^ it 
seems probable that preference must be given the Knoblauch and MoUier 
measurements. CaUendar* has expressed the opinion that the Holbom 
and Henning values are too low by as much as 10 per cent. 

The efforts of Qrindley and Qriessmann to determine Cp by the 
method of throttling were futile, and the results obtained by them are 
without value. 

Of the direct experiments, preference is justly given to those of 
Knoblauch and Jakob' and Knoblauch and Mollier.^ The latter experi- 
menta supplement and extend the range of the former. A third set of 
experiments is now being conducted, and preliminary reports indicate 
that the earlier results will be sustained. The results reported by 
Thomas* are of value indirectly as in some degree corroborating the 
Munich experiments. As conclusively shown by Davis/ the Thomas 
experiments are not to be compared with the Knoblauch experiments in 
point of accuracy. 

After reviewing all the experimental evidence one must be convinced 
that for the range of temperature covered, the Knoblauch and MoUier 
measurements should be accepted without modification. They are there- 
fore used in the present investigation. The points plotted in Fig. 5 are 
tiiose determined by Knoblauch and Mollier. For convenience in the 
identification of the measurements associated with the four pressures 
employed, the points have been separated into four groups. 

1. Annalen der Phirnk, Vol. 18. p. 7t» (1W6); Vol. 18. p. 809 C^^Yl^' 88 (1»08). 

5. Report of Britira Assoc Committee on Gaseous Explosions, PP- ' ' 
8. MitteiL fiber Forschongsarbeit. Vol. 86, p. 109. 

4. ZcH. det Ver. dcntscli. Itkg,, Vol 66, p. 686 (1011). 

6. Proe. Am. Soc Mech. Engrs.. Vol. 80, p. 688 (1007). 

6. Proe. Am. Acad, of Arts and Sciences, Vol. 46, pp. 860-878. 
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22. Systems of Specific Heat Curves. — ^The Knoblauch and Jakob 
experiments showed unmistakably the variation of specific heat with both 
pressure and temperature. At constant temperature, an increase of pres- 
sure resulted in an increase of specific heat; and at constant pressure the 
value of Cp first decreased from the saturation limits attained a minimum 
and then increased. Knoblauch and Jakob exhibited the variation of Cp 
by means of constant pressure curves drawn on a plane with Cp as 
ordinate and t as abscissa. The curves were so drawn as to represent as 
closely as possible the experimental points and by a doubtful process of 
extrapolation the pressures were carried up to 20 kg. per sq. cm. 

Taking the Knoblauch and Jakob curves as a basis, Davis developed 
a system of specific heat curves (Harks and Davis, Steam Tables and 
Diagrams, p. 97) from which the properties of superheated steam were 
deduced. Davis modified the Knoblauch curves in two respects. 1. Ac- 
cepting the Holbom and Henning measurements, he lowered the Cp 
curve for atmospheric pressure so that it would join the Holbom and 
Henning curve. In the light of the Knoblauch and MoUier results, this 
modification was doubtless a mistake. 2. The Knoblauch values at low 
pressures near the saturation limit were changed so as to bring them 
more nearly in accord with Eegnaulf s value. Davis also developed a 
thermodynamic relation by which the spacing of the curves could be 
tested. Denoting by fi the Joule-Thomson coefficient, the relation is 

"fUVi^P (12) 

Cpo 

Davis had already investigated the Joule-Thomson effect for steam^ and 
had obtained an approximate relation between ft and t By means of the 
relations fi = f{t) he was able to evaluate the integral in (12) and thus 
to adjust the spacing of the Cp-curves. 

Another system of Cp-curves has been worked out by Jakob.* The 
curves were adjusted to the Knoblauch and MoUier points, from Davis' 
relation the curve for Cp© (i. e., p = 0) was determined, and then by the 
same relation Cp-curves for 10, 12, 14, 16, 18, and 20 kg. per sq. em. 
were established. Near the saturation limit the Jakob curves agree closely 
with the Davis curves; at the higher superheats the increase of Cp with 
the temperature is more marked in the Jakob curves, as it doubtless 
should be. 



1 Proc. Amer. Acad, of ArU and Sciences, Vol. 46, p. 981. 
f. Zeit. det Vereln. deutsch. Ing., Vol. 66, pp. lOSl-S (1019). 
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23. Equation for Specific Heat.— Viom the characteristic equation 
v-c=—--(l + 3ap'^) -^ 
the second derivatiTe required in the Clausius relation is obtained. It is 

Hence 

An integration with T constant gives an expression for Cp, namely 

c. = F(T) + ^^^^pil + 2ap^). 

The arbitrary function F{T) is evidently c^, that is, the specific heat 
at zero pressure. This was taken as a constant by Callendar. The ex- 
periments of Knoblauch and MoUier show that Cpo cannot be constant, 
and ibis conclusion is confirmed by the high-temperature experiments of 
Langen and others. It has been suggested that a simple linear relation 

may be assumed, and this assumption was made in the writer's earlier 
I>aper. It is found, however, that better agreement is obtained by a rela- 
tion of the form 

Writing the equation for Cp in the form 

c^ = F(T)+np,T) 
values of the term f{p, T) may be calculated for each of the Knoblauch 
and MoUier experiments and by subtraction the corresponding values of 
c^ = P{T) are found. From the curve through these points the con- 
stants a, p, and y are obtained. The equation for Cp finally takes 
the form 

^ = a + i8r+^ + ^"^i:|^> p(l + 2apH) (C) 

and the constants are 

Metric English 

a = 0.320 0.320 

p = 0.0002268 0.000126 

y = 7371 23583 
The constants a, m, and n are those of the characteristic equation. (See 
p. 29.) 
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In Fig. 5 the curves calculated from equation (C) are shown. The 
agreement between the curves and experimental points is sufficiently 
evident It would be difficult to obtain a family of curves connected by 
a relation that would represent more accurately the groups of points. 

The perfect correlation of the Munich experiments is shown by a 
comparison of Figs. 2 and 5. Equation (B) gives the curves of Fig. 2, 
equation (C) the curves of Fig. 5. The equations certainly represent 
the experimental data within the limits of accuracy of the experiments, 
and they are properly connected by the Clausius relation. The difficulty 
of making the correlation lies not in the measurements themselves, — 
lihey are sufficiently accurate — but in the choice of a proper form for 
the characteristic equation. The results here shown amply justify the 
method used in attacking the problem, and they strongly confirm the 
validity of equation (B). 

In the following table values for Cp for various temperatures and 
pressures are given. The numbers in parentheses are the corresponding 
values deduced by Jakob from his Cp-curves : 

Table 9. 
Specific Heat of Superheated Steam. 
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The agreement between the two sets of values is remarkably dose; 
except for three or four points the difference is well within one per cent. 
From 360** to 500® the values are practically identical, but above 600® 
the specific heats calculated from the equation begin to rise aboTe the 
Talues found by Jakob, while these in turn are higher than the Davis 
values. The question of the proper course of the Cp-curves at 660® is 
important in connection with the Cp values at high superheat. The only 
guide in settling this question is the experimental evidence furnished 
by the high-temperature experiments. Referring to Fig. 4, curve F 

represents the function F{T) =a + pT + 'j^ Bui at high tempera- 
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tores this carve is praetically identical with the specific heat curye, since 
the term f{p, T) in the specific heat equation becomes vanishingly 
small. It will be seen that curve F is in good agreement with the other 
curves between 500° and 2000° C. If Jakob^s curves were prolonged 
in the same way, they would merge into a single curve lying somewhat 
below curve F. This is more clearly shown in Pig. 6, in which various 
determinations of the function c^=^F{T) are plotted. Curve H rep- 
resents the variation of c^ assumed by Heck, curve A represents the pre- 
ceding equation, and the points are plotted from the values of Cp© given 
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Fig. 6. Curves of Specific Heat (Cp)^. 

by Jakob. As a matter of interest Callendar's constant value is shown 
by the straight line C. It appears that the three curves agree quite well. 
At the higher temperatures curves A and B, are almost coincident, but 
the Jakob points show a tendency to run low. It is probable that equa- 
tion (C) gives fairly good values of Cp up to about 2000** C, that Heck's 
equation may safely be used through the same range, but that Jakob's 
carves if prolonged lie somewhat low and are not valid above 1000® C. 
At flie lower temperatures Heck and Jakob are in close agreement, 
while curve A shows quite a different course. Experimental evidence in 
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Fig. 7. Curves of Specific Heat at the Saturation Limit. 
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this region is entirely lacking, and consequently no statement can be 
made as to the probable relative accuracy of the two carres. 

In all discussions of specific heat much emphasis has been laid on 
the values of Cp at the saturation limit. These give a ^'saturation 
curve.** From the specific heat equation (C) values of (Cp).at are readily 
calculated by taking for p and t corresponding saturation values. Curve 
A, Pig. 7, is the curve tiius derived. Davis* has given a very full dis- 
cussion of this subject. The empirical curves of Knoblauch and Jakob 
were tested by Planck's thermodynamic relation 



<«')"=^-l--(^)(^0, 



and fair agreement was shown. Davis therefore accepted the Knoblauch 
values of (Cp)Mt with a reservation. Begarding the tremendous rise 
of Ejioblauch's saturation curve at even moderately high temperatures he 
says : '?t is probable that this feature of Knoblauch's curves, although 
near enough the truth to satisfy the present needs of engineering prac- 
tice, will have to be revised later." The points in Pig. 7 represent the 
values of (Op)Mt given by Davis. 

Jakob arbitrarily established the values of (Cp)s*t for four pres- 
sures : 2y 4, 6, and 8 kg. per sq. cm., and from these determined the con- 
stants in the assumed formula. ^ , 

(Cp) .at = 0.455 + 2 . 10-«> jr^^ 

in which T. denotes the saturation temperature and Tk the critical 
temperature. The curve thus found is curve J, Pig. 7. It agrees very 
closely with the Davis curve but runs slightly lower. According to 
Jakob's formula (Cp)aat becomes infinite at the critical temperature. 

Curve T, Pig. 7, represents the experiments of Thomas, and curve 
C, the saturation values of Cp calculated by Callendar from purely 
ttieoretical considerations. 

It is a safe conclusion that curve A is nearer the truth than curve 
J or the Davis curve. In the first place, the values represented by curve 
A are obtained from an equation, and as shown in Fig. 5, this equation 
represents very accurately the best experimental data. The equation 
automatically extends the curves from the region of the experiments to 
the saturation curve, thus obviating a doubtful extrapolation that was 
necessary in laying down the empirical curves. Again, the relation of 
the curves to the experimental points exhibited in Pig. 5 indicates 
accurate spacing. The curves show no tendency to run high or low 

1. Proc. Am. Acad.. Vol. 46, pp. 296 808. 
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with increasing pressure. Hence it appears probable that eqnaticm (C) 
may be used with confidence for pressures considerably higher &an 
those used in the experiments. At any rate^ there is no reasonable doubt 
that the Cp-cunne for a pressure of 20 at calculated from eq. (C) is 
likely to be nearer the truth than the corresponding curve obtained by 
the system of extrapolation employed by Knoblauch and Jakob. 

It should be observed that the Davis equation for spacing the curves 
(see p. 36) and Planck's thermodynamic relation are both automatically 
satisfied, as both reduce to identities when applied to the equations 
dcTeloped in this investigation. 

While Begnault's measurements of Cp at atmospheric pressure are 
not to be considered as possessing any great degree of predsicm, some 
importance may be attached to a comparison of Begnaulfs results with 
the corresponding values of Cp calculated from equation (C). The four 
series of experiments covered the temperature range 122.8**-231.1*' C. 
The mean value of Cp given by Eegnault was 0.4805, but this value is 
lowered to 0.4762 by Davis. All experiments were conducted at atmos- 
pheric pressure. The following table gives values of Cp at atmospheric 
pressure calculated from the equation, also the values assigned by Jakob 
for the slightly lower pressure, 1 kg. per sq. cm. 

Table 10. 





Specific Heat at Atmospheric Pressure. 




IWp.C. 


100 


160 


200 


250 


MO 


850 


400 


PrMnEq.(C) 

Jakob 


0.480 
0.482 


0.474 
0.473 


0.470 
0.471 


0.472 
0.47S 


0.476 
0.477 


0.483 
0.483 


0.491 
0.400 







The mean Cp deduced from the equation agrees very well with the re- 
computed value 0.4762, and the Eegnault experiments therefore 
strengthen the evidence in favor of the specific heat equations. 

D. total heat, iatent heat, heat op liquid. 

24. Equation for Heat Content — From the characteristic equation 
and the equation for specific heat an expression for the heat content is 
readily deduced. In the general equation 

di = c^dT-A j^r (^) -f] ^v 

we introduce the expression for Cp given by eq. (C) and the expression 

for the derivative ( — • j obtained from the characteristic equation, 
namely \<iT / ^ 
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The remit of the subfltitaticms is the equation 

y Amn (n + 1) 



-[ 



a + pT + 



T* 



r» + i 



pil + 2ap^)~\dT 



idiich upon integration gives the following equation for the heat content 



f=«r+i/?r»- ^ 



Am(n + 1) 



p(l + 2aif^)+Acp + %o. (D) 



The constant i» is determined as follows. Corresponding saturation 
values of p and i at some definite temperature^ say 212^, are substituted 
in the equation, which for this purpose may be written 

The function ^ (p, T) is thus calculated, and i.at being known, io is 
found by subtraction. 

Since the constant c is taken as the liquid volume v', the term Acp 
is Apt/, which (see p. 6) is the small difference between the heat content 
f^ and the total heat q^\ Hence, when applied at the saturation limits 
equation (D) gives i" and the same equation with the term Acp omitted 
girea q". 

25. Teits of the irequation.— Three tests may be applied to the 
equation (D) for heat content. Two of these apply at the saturation 
limits the third in the region of superheat. 

1. Values of iat calculated from equation (D) are compared with 
▼ilueB obtained independently by other means. The following table shows 
a comparison with the Marks and Davis values for i: 

Table 11. 
Heat Content op SATimATED Steam. 



''?*• 


i' 


T-p. 


i' 


Temp. 


i' 


p. 


lq.(D) 


If. AD. 


Bq.(D) 


M.&D. 

1150.4 
1160.4 
1173.3 
1184.4 
1193.7 
1301.3 


Eq.(D) 


M.&D. 


» 

60 
80 
UO 
100 

soo 


1072.83 
1076.64 
1005.30 
11U.34 
1130.64 
1146.04 


1073.4 
1076.9 
1094.8 
1113.3 
1130.5 
1145.8 


313 
340 
380 
330 
360 
400 


1151.58 
1161.90 
1175.15 
1186.30 
1194.86 
1200.37 


440 
480 
530 
560 
600 


1202 33 
1200.43 
1194.03 
1183.76 
1166. 


1307.1 

1310 

1307 

1196 

1176 
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Fig. 8. Comparison of I'^-Curve from £q. (D) with Points Deduced from the 
Throttling Experiments. 

The considerable discrepancy above 400° has no significance for in 
this range Davis makes no claim for the accuracy of the M. and D. 
values. The effective test is furnished by a comparison of the two sets 
of values within the range 212® — 400°, where the Davis formula for 
heat content is surely valid. The comparison is shovm graphically in 
Pig. 8. The points are those determined by Davis from the throttling 
experiments of Grindley, Greissmann and Peake, and they are plotted 
from the data given in Table 1 of Davis' paper.^ The ordinates represent 

1. Proc. Am. Acad.. Vol. 46, p. i7«. 
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the difference between flie i at the given temperature t and flie i at 212^. 
The cnrre therefore represents the equation 

where i" is calculated from the formula and t'^jj, = 1151.68. The curve 
does not fit the points quite as well as flie Davis second-degree curve, 
but the agreement is satisfactory, and is probably well within the limits 
of accuracy of the throttling experiments. Beyond the last point the 
curve begins to bend downward rather sharply and thus diverge from 
the prolonged Davis curve. The maximum value of i" is reached at 
about 440"^, the Davis equation gives the maximum at about 550^, and 
in the Marks and Davis tables the maximum occurs at 480^. 

2. The Clapeyron-Clausius relation furnishes a valuable test within 
the range 32* — 212** (see p. 7). The discussion of this point is given 
in another section. 

3. In the region of superheat the heat content formula may be 
checked by the throttling experiments of Qrindley, Qriessmann and 
Peake. According to the principles of thermodynamics a throttling 
process is also a constant-i process. That is^ the points obtained in any 
particular throttling experiment when plotted on the p, t plane should 
lie on a curve % = const. 

In Fig. 9 the points are plotted from the experiments of Peake and 
Grindley, and constant-i curves calculated from eq. (D) are superposed. 
The general agreement is satisfactory, especially at the lower pressures. 
At the highest pressures Peake's highest curve has a smaller slope than 
the curve for % = 1200 and intersects it. It will be observed, however, 
that the curve ha» the slope indicated by Peake^s points near saturation 
and the slope indicated by Grindley's points at some distance from the 
saturation limit. 

The divergence of the curves from Peake^s points naturally suggests 
the possibility that the curves run too low at the higher superheats. If 
this were the case, values of t calculated from equation (D) would be 
somewhat greater than the true values. Some light is thrown on this 
point by the series of throttling experiments made by Dodge.^ In these 
experiments the steam was initially highly superheated, and the initial 
pressure was about 300 lbs. per sq. in. gauge. The points of 14 tests 
are shown in Fig. 10 ; these were taken directly from Davis^* discussion 
of the throttling experiments. Through each group of high-side points 



1. Tour. A. S. M. E., Vol. 28, p. 12«5 (ia07); Vol. 80, p. 1227 (1908). 

2. Proc. Am. Acad.. Vol. 46, p. 268-267. 
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a coQstant-i curve has been drawn. It will be seen that flie carves agree 
fairly well with the points and at the higher superheats have the slopes 
indicated by general trend of the points. The marked drop from 
the initial point to the first of the low-side points is a phenomenon that 
is difScnlt to explain. In this connection Davis says : ^^t will be noticed 
Ihat in eveiy case a smooth cnrve through the low side points runs con- 
siderably below the corresponding high side points, just as did Grindley^s 




PRC98URC. 

Fic. 10. Comparison of CoNSTANX-i* Curves with Points from Dodge's 
Throttung Experiments. 

corves. In Grindley's case this was because the entering steam carried 
water in suspension, the presence of which made the true total heat 
of the incoming mixture less than its apparent total heat regarded as 
homogeneous saturated steam, and dropped all the low side points onto 
throttling curves lower than those on which they apparently belonged. 
A similar jdienomenon may be in evidence in Dodge's case, for although 
the incoming steam was superheated, it may still have been carrying in 
suspension a part of the water which had been sprayed into it for tem- 
perature regulation just before it reached the high-side chamber. It 
mxxst, however, be admitted that if this explanation is to account for 
the whole of the discrepancy in Dodge's results, an extraordinarily large 
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anumnt of water in suBpension must have reached the high-side chamber 
— from one to one and a half per cent of the whole weight present It 
is therefore probable that fliere is anoflier source of error not yet 
discoyered.^ 

At the hifi^ superheats employed by Dodge it appears milikely that 
such an amount of water could haye been present^ and it is probable 
that all the throttling experiments were vitiated to some extent by 
systematic errors. A probable source of error was the use of mercury 
thermometers. It has been shown quite condusively that a mercury 
thermometer is not a good instrument for measuring temperatures in a 
current of superheated steam. If the throttling experiments could be 
repeated with the same precautions as have been observed in the other 
experiments on thermal properties, the results would have great value. 

Bearing in mind the probable lack of precision in the sets of 
throttling experiments, it may be concluded that these experiments, on 
the whole, sustain the validi^ of the proposed heat content equation in 
the region of superheat 

A comparison of various values of flie heat content i in the region 
of superheat is shown in Fig. 11, which was suggested by Fig. 21 of 
Heck's paper. The full lines represent equation (D), the dash lines 
represent Heck's new equation, and the points represent values given in 
the Marks and Davis tables. It is significant tiiat the two equations 
deduced from entirely different bases should agree so closely. 

26. Specific Heat of Water. Heat of Liquid. — For the temperature 
range 32**-212*' F. (O^'-lOO** C.) there are available five sets of ex- 
periments on the variation of the specific heat of water with the tem- 
perature. The curves that represent the results of these experiments are 
separable into two groups having qtlite different characteristics. Ludin^ 
working with the method of mixtures obtained a curve which shows a 
minimum value of c' at about 20** C, then a rapid rise to a maximum 
at 87** C. (See Marks and Davis Steam Tables, Fig. 1, p. 88). The 
curves obtained by Dieterici* and Barnes* are similar in character; each 
shows a decrease of c' to a well defined minimum then a steady rise 
wifliout any suggestion of a maximum. The experiments of Begnault 
and Dieterici above 100** C. show a steady rise of the specific heat with 
flie temperature; hence if Ludin's curve be accepted, the specific heat 
after reaching its maximum at 87** must diminish and then increase 



1. Inauff. Diss. Znrich, 1806. 

f. Aniulcn der Physik (4), Vol. 16, pp. 698-680 (1006) 

8. Phil. Trans., Vol. IWA, pp. 66-141, 140-868 (1002). 
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Fig. 11. Isothermal Curves on the ip-plane. 
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again. It is difficult to account for such a variation on any rational 
basis, and on the score of intrinsic probability, the curves of Barnes and 
Dieterici should be preferred to Ludin's curve. Davis^ attached no weight 
whatever to Ludin's values and adopted a curve lying between those of 
Barnes and Dieterici, with Barnes' values given double weight. However, 
the question is again complicated by the experiments of W. B. and W. £. 
Boui^eld* which reproduce Ludin's results, although the method em- 
ployed (electric heating with a vacuum-jacket calorimeter) was entirely 
different from Ludin's method of mixtures. Callendar^ has undertaken 
to throw light on the subject by a set of experiments in which a new 
and very accurate method is employed. Callendar's paper contains an 
exhaustive and valuable discussion of the whole subject. 

The methods used by Barnes and Callendar, req>ectively, have the 
marked advantage of being continuous. In the Barnes experiments a 
steady current of water was heated through a small range of temperature 
by an electric current, and the result obtained was therefore the actual 
specific heat at a pre-determined temperature rather than the mean 
specific heat over a considerable range. Callendar used a continuous- 
mixture method in which two steady currents of water at different 
temperatures are passed through a system of concentric tubes whidi 
constitute a heat exchanger. The continuous flow methods have obviona 
advantages over other methods. The water equivalent of the calorimeter 
is not required, and various corrections that involve uncertain measure- 
ments are eliminated. 

The results of Callendar's experiments by the continuous-mixture 
method completely verify the earlier experiments of Barnes by the con- 
tinuous-electric method. As these two independent methods are much 
superior to the other methods used and give identical results, there can 
be no question that these results should be accepted. 

Taking the specific heat of water at 20^ C. as unity, Callendar gives 
the following equation for the variation of the specific heat with tempera- 
ture 

0.504 t / i \^ 

e = 0.98536 + — r-— + 0.0084-— + 0.0090 ( — - ) 
< + 20 100 Vioo/- 

Prom the specific heat c' the heat content % of the liquid is derived by 
the relation 

1. Steam Tables and Diagrams, p. 80. 

8. Phil. Trans., Vol. 211.A. pp. 199-861 (1911). 

8. Phil. Trans., Vol. fl8-A, pp. 1-88 (1918). 
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After changing from C. to F. temperatoreB and ^>pl7ing a factor to 
reduce from the 20^-caIorie to the mean calorie^ the equation for %' 
becomes 

(i — " 32\ ' 
— — j. 



j -34.73. 



Between 32^ and 212^ this equation gives values that agree very closely 
with the Marks and Davis values^ as shown by the following table. 

Table 12. 
Hbat Content of Liquid^ 32**-212** P. 





T«p.F. 


40 


80 


120 


100 


200 


212 


240 


CWiifMlar 


8.05 
8.05 


48.05 
48.03 


87.M 
87.01 


' 127.87 
127.80 


167.M 
107.04 


180 
180 


206.2 


M.4D 


206 S 







For temperatures above 212^^ two sets of experiments are available^ 
Begnault's and Dieterici's^ neither of which can be accepted as thoroughly 
reliable. Begnaulf s results have been recomputed by various investi- 
gators. In Fig. 12^ six mean values deduced from Callendar's computa- 
tion are shown. The ordinates in this figure represent values of 

At' = t'-(^-32), 
that isy the excess of the heat content over t — 32^ the temperature range. 
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Fig. 12. Heat Content op Water, 213*-400' F- 
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AbjciBiMiB are temperatures F. In the same figure are shown five points 
obtained by Dieterici^ and in Fig. 13, the temperature range is extended 
and all of Dieterici's points are plotted. The curve D, Fig. 12, repre- 
sents the equation adopted by Dieterici and curve C represents Callendar^s 
equation extended beyond 212^. 
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Fig. 13. Heat Content op Water, 212*-600' F. 

Callendar questions the accuracy of Dieterici's experiments and gives 
preference to his equation extrapolated through the range 100** — 200** 
C. It is probable that Dieterici's points are considerably in error, as 
the method of the experiments involved large corrections, and it is also 
probable that Regnaulf s points are no more reliable. However, there 
seems to be no valid reason for choosing a curve, like curve C, lying 
below both sets of points. 

27. Latent Heat of Saturated Steam. — ^The Clapeyron relation 



r = 4K-v')I' 



dp 
dT 



gives a means of calculating the latent heat It is convenient to write 
the equation in the form 

in which the second member is made up of two factors. From the char- 
acteristic equation, the first is expressed by 
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Upon differentiatiiig equation (A) connecting the pressure and tempera- 
tare of saturated steam^ namely 

iogp = 4--J--ciogr-z>r+^r«-A 

the second factor is obtained in the form 
Tdp 



;,= 2.3026 



— - DT + ^ET^-T— -C 



p dT 

For the range 32° — 212**, within which the heat of the liquid is 
given accurately by the experiments of Barnes and Callendar, a second 
independent method of calculating the latent heat is available. Satura- 
tion values of % are calculated from the formula for heat content and 
from these are subtracted the corresponding known values of the heat 
of the liquid. The difference gives, of course^ the latent heat The 
following table gives values of r obtained by the two methods, and for 
comparison the Marks and Davis values are included. 

Table 13. 
Latent Heat, 32*^-212*' F. 



Ttanp-F. 


as 


40 


80 


120 


160 


200 


212 


i* from' En. (D) 


1072.88 


1072.83 
1072.19 
1073.4 


1076.64 
8.06 
1068.69 
1067.96 
1068.9 


1096.30 
48.06 
1047.26 
1046.81 
1046.7 


1113.84 
87.94 
1026.40 
1026.11 
1024.4 


1130.64 
127.87 
1002.77 
1002.62 
1001.6 


1146.94 
167.94 
979.00 
978.97 
977.8 


1161.68 


?BiS»*oSto......;.: 


180.00 


r hrmhtnetiaa 


971.68 


r uaAMkJhym 


971.68 
970.4 







Above 212° the heat of the liquid is so uncertain that the method 
of determining r by subtraction is hardly justified. Hence values of r 
are calculated from the Clapejrron relation, and subtracted from corre- 
sponding values of i^\ The result is a set of values of i' that may be 
compared with the Begnault and Dieterici experimental values. The 
following table exhibits the details of the calculation. 

Table 14. 
Latent Heat and Heat of Liquid, 212°-600° F. 



Ttep.F. 


212 


240 


280 


320 


360 


400 


440 


480 


620 


660 


600 


J'fRMsEq.CD)... . 
r bom CIh». nl. ... 
^t^nbtrMtbo... 
rhUitmkJHrm... 

r ' • • ... 


1161.68 
971.68 
180 
970.4 
180 


1161.90 
963.73 
208.17 
952.1 
208.3 


1176.16 
926.42 
248.78 
924.3 
249.0 


1186.30 
896.61 
289.79 
894.2 
290.2 


1194.86 
863.46 
331.41 
861.8 
831.9 


1200.37 
826.66 
378.71 
827.2 
374.1 


1202.33 
785.60 
416.78 
790.1 
417 


1200.48 
739.64 
460.79 
748 
462 


1194.02 
687.96 
606.06 
700 
507 


1182.76 
629.55 
553.21 
642 
564 


1166.00 
563.06 

604 
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Beferring to the first of the preceding tables^ the dose agreement 

of the two sets of values of r may be noted. The greatest difference, 

which occurs at 3!^**-40** is about 6 in 10 000. This agreement is 

a decisive test of the validity of the analysis. The two sets of nmnbers 

are obtained independently^ one from the characteristic equation, the 

other from the heat-cont^t equation^ and the agreement between the 

two shows the satisfaction of the Clapeyron relation. Of the two sets 

the one obtained from the heat-content equation should be chosen, rather 

than the set derived by means of the Clapeyron relation. The reason 

for this lies in the slight uncertainty in the exact value of the derivatiTe 

dp 

^at low temperatures. It was shown in connection with Pig. JL that 

the course of the Scheel and Heuse points indicates that the true valne 
of this derivative at 32^ is probably slightly greater than the valne 
obtained from either of the three formulas. The slightly lower values 
of r calculated from the Clapeyron relation in the range of 32** — 80* 
may be ascribed^ therefore, to a small error in the derivative. 

For the range 212^-600^ the important result is the set of values 
of %^ heat of the liquid. The fairly close agreement of these values with 
the Marks and Davis values will be observed. The latter numbers were 
calculated from the Dieterici formula. In Fig. 12 curve F represents 
the new set of values for the range 212''-400^ F., and in Fig. 13 the 
curve is extended to 600® F. The curve lies between Dieterici's curve 
and Callendar's extrapolated curve and represents very well the Begnanlt 
experiments as interpreted by Callendar. Above 400^ the curve runs 
from 1 to 3 B. i u. lower than the Dieterici points^ a deviation of 0.2 
to 0.6 per cent Dieterici admits a possible error of 0.3 to 0.5 per cent 
in the experiments to determine the mean specific heat c^ and a further 
error in the reduction of Cm to the actual specific heat It is likdy that 
a possible error of at least 1 per cent may be attached to Dieterici's points ; 
hence if the points are too high, as is indicated by Begnaulf s experiments 
and Callendar's extrapolated formula, the curve probably represents the 
true values fairly well. 

28. Experiments on Latent Heat. — ^The values of the latent heat r 
given in Table 13 may be compared with direct experiments within 
the range 32^-212®. For this purpose four sets of experiments are 
available, those of Dieterici,* QriflBths,* Smith,* and Henning,* The 

1. Annalen dcr Phyrik. Vol. 87, pp. 4©4^0a (188©). 

•. Phil. Trent., Vol 186-A, pp. B61441 (1806). 

8. Phrt. Reriew, Vol. 15, pp. 146-170 (1007). 

4. Anmaen der Phrtik (4), Vol SI, pp. 840-878 (1006). 
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following table gives the results of these experiments expressed in a 
common xrnit, the mean B. t. u. 

Table 15. 
Experimental Determinations of Latent Heat. 

Latent Heat 

Temp.F. B.t.iL 

Dletericl 32 1072.9 

Orlfflths 86 1045.1 

104.3 1034.1 

Smith 57.1 1061.6 

70.1 1054.5 

82.5 1047.6 

103.6 1035.0 
Hemiing 86.2 1043.2 

120.5 1026*2 

148.7 1008.0 
171.2 995.4 
192.7 983.3 
213.1 969.8 
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Fia 14. Comparison of Curve for Latent Heat with Experimental Values. 

In Fig. 14 these results are shown by the plotted points and the 
cnrre represents the yariation of r according to the heat-content equation. 
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The agreement is satisfiactory^ though Smith's points would indicate tiiat 
the calcnilated values may be slightly low. 

Special interest attaches to tiie value of r at 212*" F. For years 
Begnaulf s number 966 B. t. u. was universally accepted. Callendar in 
his 1900 paper had the courage to raise this value to 972, which is almost 
precisely the value that is now considered most probable. Davis made 
use of the experiments of Henning and Joly at 212*" and set the yalne 
of r at 970.4 B. t. u. Smith's recent experiments^ on slow vaporization of 
water under atmospheric pressure indicate a value higher than any yet 
assumed, and Dr. Davis in a communication to the writer expresses the 
opinion that the number should be at least 972. Heck uses the value 
971.2, Mollier uses 971.4. The present investigation leads to the value 
971.6, which is probably quite close to the truth, though if anything 
slightiy low. 

29. Entropy. — ^An expression for the entropy of superheated steam 
is readily obtained from the fundamental equation. 



Dividing by T, 



d,=cpdr-4r(^)^dp. 



_ dq dT ,/dv\ ^ 

T ^ T \dr/p "^ 
Prom the characteristic equation 

Introducing this and the expression for Cp in the preceding equation, the 
result is 

The integration of this exact diflferential equation gives the following 
equation for the entropy 

* = alog.r + i8r-iX-451og.p-i;^p(l + 2ap^)+*o. (B) 

The constant ^o is found by applying the equation at the saturation 
limit The value thus determined is «© = 0.08085. 

2 \ ':J919 



1. Phytictl Review, Vol S8, p. 188 (1011). 
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For the range 30**-212**, within which Callendar^B formula for 
the heat of the liquid is surely applicable, there are available two inde- 
pendent methods of calculating the entropy of saturated steam. 1. The 
entropy of the liquid s' is determined by the integration of Callendar's 

equation for t' and the entropy of vaporization-^ is added. 2. Corre- 

spcmding saturation values of p and T are substituted directly in the 
preceding formula for 8, The two methods should give substantially 
identical results. 

Above 212** the entropy «" of saturated steam is calculated from 
formula (E) and the entropy of the liquid s' is obtained by the relation 

Int^ration of Callendar's t'-equation gives the following formula 
for^: 

s' = 2.3623 log T + 0.0045776 log (^ + 4) — 0.00022609 T 
+ 0.000 000 13867 T* - 6.28787. 
The following table shows the results of the calculation, the Marks and 
Davis values being included for comparison. 

Table 16. 
Entbopy op Liquid and Satubated Vapob, 32**-912** P. 



Tamp. p. 


ts 


40 


80 


120 


160 


200 


212 


f^froBGUkadarBq.. 

r 


0. 
2.1833 

3.1823 
2.1823 

0. 

2.1832 

2.1832 


0.0163 
2.1380 

2.1662 
2.1650 

0.0102 
2.1394 
2.1660 


0.0883 
1.9406 

2.0341 
2.0340 

0.0932 
1.9398 
2.0330 


0.1640 
1.7602 

1.9338 
1.9338 

0.1646 
1.7674 
1.9319 


0.2312 
1.6184 

1.8496 
1.8497 

0.2311 
1.6166 
1.8476 


0.2939 
1.4842 

1.7781 
1.7782 

0.2937 
1.4824 
1.7761 


0.3120 
1.4467 


T 

f^f^i 


1.7687 


^ r 

j'lnBEi|.(E) 


1.7687 


lbiki4D>Tk 

^ 


0.3118 


r 


1.4447 


r 

*• 


1.7666 







30. Intrinsic Energy, — From the defining equation . 
t = il {u + pv) 
the energy u in thermal units is readily obtained by subtraction ; thus 

Combination of equations (B) and (D) gives therefore the following 
explicit expression 4mnp/ ^2«-l x^. _ 
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B. JOULE-THOMSON EFFECT. 

31. The Jovle-Thomson Coeflicient — ^The ratio of the drop in 
temperature to the decrease of pressure when a fluid is subjected to a 
throttling process is the Joule-Thomson coefBcient fi. Since in such a 
process &e heat content % is constant, the value of /a is given by the 

dT 
derivative -7— evaluated under the condition that % is constant: that is 
dp 

'^^\dp)' = '^ 
It follows, therefore, that the slope of a throttling curve (See Fig. 9) 
at any point is the value of /a at that point 

An expression for fi is readily derived from the equation for heat 
content, 

With 1 constant 

32. Comparison with the Throttling Experiments. — ^From the four 
available sets of throttling experiments, Davis* has computed values of 
ft covering a wide range of pressure and temperature. As might be 
expected, the results when plotted showed a broad band of points (See 
Fig. 6 of Davis' paper) and individual measurements showed consider- 
abl discrepancy. By passing a smooth curve through the band of points 
Davis obtained the relation between /a and t that was afterwards used 
by himself in spacing the specific heat curves, and by Heck in the 
development of his theory. Davis therefore assumes that /a is a function 
of the temperature only, while according to the preceding equation (Q) 
ft must vary with the pressure also. 

A comparison of equation (Q) with the values of ft computed by 
Davis is shown in Fig. 16. Four different pressures are used, 36, 120, 
200, and 300 lb. per sq. in., and the points are plotted from the data 



But 
hence 



Proc. Am. Ac«d., Vol. 46, pp. 248-964. 
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given in the tables of Davis' paper. The points in each group are so 
chosen that the pressure in the experiments represented by them is very 
nearly the pressure attached to the corresponding curve. The dash curve 
through the lowest group is the Davis curve for ft. 

It will be seen that the curves agree sufficiently well with the points 
obtained from the first three sets of throttling experiments, but that they 
lie somewhat above the points deduced from Dodge's experiments. Ref- 
erence to Fig. 10 will afford an explanation of the discrepancy in the 
cafiJe of Dodge's first series. The peculiar discontinuity between the high- 
side point and the first low-side point has already received comment 
(See p. 47). Davis rejected the high-side point entirely and obtained 
values of ft by a comparison of low-side points only. This was equivalent 
to taking the slopes of smooth curves running through the low-side 
points, and it is evident from the figure that the values of /a thus 
obtained are smaller than the values given by the slopes of the theoretical 
curves. Dodge's second series of 33 experiments was of such a character 
that the high-side observations had to be used. The values of ft obtained 
directly from the observations were, according to Davis, abnormally high, 
and certain corrections were made to reduce them to the level required 
by the law of corresponding states. The chief correction was a reduction 
of the high-side temperature by an amount ranging from 11** to 14®. 
If the high-side points are incorrect, as assumed by Davis, because of 
water carried in suspension in the highly superheated steam, the plotted 
points representing Dodge's experiments must be accepted, and the 
curves obtained from eq. (G) run somewhat high. If, on the other 
hand, the error lies in the low-side points, the values of ft calculated by 
Davis are too low, and the curves probably are nearer the truth than 
the points. The question can only be settled by a new series of experi- 
ments with suitable precautions to insure the dryness of the steam and 
with improved methods of temperature measurement. 

The other question that presents itself relates to the variation of ii 
with the pressure. According to equation (Q) this variation must exist, 
though it is small. Davis states that he was unable to detect such vari- 
ation from an examination of the observations. Heck assumed at the 
start of his investigation that ft depended on t alone, but the further 
development of the theory led him to the conclusion that the assumption 
could not be rigorously correct. It is apparently impossible to construct 
a general theory that will give satisfactory agreement in other parts of 
the field and at the same time leave the coefficient ft unaffected by the 



Digitized by 



Google 



GOODBNOUGH — THERMAL PROPERTIES OP STEAM 61 

piessare. We conclude, therefore, that /* « a function of the pressure; 
and so far as our present knowledge extends, the value of /a is given 
satisfactorily by equation (Q). 

p. THERMAL PROPERTIES NEAR THE CRITICAL TEMPERATURE. 

33. Previous Investigations.'-ThsLt the equation (B) to (F) (at 
tiie ^turation limit) should hold good up to the critical temperature is 
not to be expected. In the vicinity of the critical point the variation 
of some of the thermal properties is so rapid that to represent these 
properties, equations of a different form must be used. As there are no 
trustworthy experiments in the range 600° P. to the critical temperature, 
any formulation covering this region must be regarded as a guess. How- 
ever, even a conjecture may have a qualitative value, and in the present 
case the investigation at least serves to establish quite closely the upper 
limit of temperature for the equations developed in the preceding sections. 

Several attacks have been made on this problem. Davis^ by the 
nae of Thiesen's exponential formula determined the latent heat r, and 
by "file law of the straight diameter*' established tentatively the specific 
volume v". Schirle* has likewise estimated certain of the thermal prop- 
erties near the critical temperature, and his work appears to have a 
reasonable basis. Another tabulation was published in Engineering 
(Jan. 4, 1907) ; this is palpably incorrect and has no value whatever. 

34. Thiesen's Exponential Formula. — At the critical temperature, 

flie latent heat r becomes zero, and furthermore -tt- = "^^^ • An equation 

connecting r and i may be given a form such that these conditions will 
be satisfied. The simplest form is that suggested by Thiesen, namely. 

in which ^ denotes the critical temperature, and n < 1. If now the 
constants can be so determined as to give correct values of r at ordinary 
temperatures, then it may be inferred that the formula will give reason- 
ably good values for higher temperatures. The formula may be written 

logr = log(7 + nlog {h — t) 
a form more convenient for purposes of calculation. 

Davis* found that with log C = 2.14302, n = 0.316, and <k = 689, 
the formula represented the available experimental values of r with 
remarkable accuracy. The number 689 is however the older value of 



_- », pp. 

t. Zeit des Vereta. deutsch. Ing., Vol. 1S6, pp. 15611567 (1011). 
t. Proc Am. Acad., Vol. 45, p. 884. 



Digitized by 



Google 



62 ILLINOIS SNGIKSERING EXPERIMENT STATION 

<k due to Cailletet and Colardeau. The recent experiments of Holbom 
and Baumann* raise the value of fk to 706.3** P., and with this value 
it i^pears to be impossible to make Thiesen's formula fit any series of 
probable values of r through a wide range of temperature. It is found, 
however, that the equation 

log r = 2.00117 +0.3685 (706.3 — 
fits reasonably well the values of r from 360** to 660**. The following 
table shows the agreement 

Table 17. 
Comparison of Values of Latent Heat. 



Temp.?. 


S60 


400 


440 


480 


520 


500 


000 


rd«l«eed(ranEq.(D) 

r«winTW«en*iB(i..... 


888.5 
8M.0 


820.7 
820.0 


785.5 
786.1 


739.0 
739.4 


088.0 
088.2 


829.0 
029.0 


583.1 
550.7 







Below 360** and above 560** the two sets of values diverge rapidly. It 
is assumed that the formula will give approximate values of r between 
560** and 706.3®, but too much confidence should not be placed in the 
accuracy of the results thus obtained. 

35. Heat Content of lAqvid and Vapor, — ^The law of the mean 
diameter has frequently been applied in determining the specific volume 
of the vapor. A somewhat similar application is here made in connection 
with the heat contents i' and t". Taking the sum i + i" for the tem- 
perature range 400**-600** F., it is found that this sum is given very 
accurately by the equation 

i' + %" = 966.94 + 1.923< — 0.00095<*. 
It is assumed that this relation also holds good from 600** to the critical 
temperature. Hence with the sum i + i" determined by this equation 
and the difference i" — C = r determined from the Thiesen exponential 
equation, values of i" and % are readily calculated. The variation of these 
thermal magnitudes near the critical temperature is shown in Fig. 16. 
Curve CD is the mean diameter, its ordinate being i (i' + %"), curve AD 
represents the heat content i'^ of the vapor, and curve BD the heat content 
t' of the water. These are two branches of a continuous curve, and the 
common value of i' and i" at the critical temperature is apparently about 
921 B. t. u. 

36. Specific Volume of Steam, — The method of Davis* has been 
followed, except that 706.3 is used for the critical temperature. Values 
of v" the specific volume of steam were calculated from the characteristic 



1. Annalen der Phytik, Vol. SI, pp. 046070 (1010). 
•. Steam Tablet and Diagrams, pp. 108-106. 
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equation (B). For the values of v', the specific yolume of water, the 
formula of Avemarius 

t,' = a-&log(fk-0 
was found to give exact results for the temperature range 280** — 600** 
P., with the following constants : a = 0.044826, b= 0.0106. Denoting by 
Zs the sum of the densities of the liquid and vapor, that is 

the variation of this sum with the temperature is given by the equation 

2s = 67.1 - 0.029131 1 — 0.000009342 i\ 
The Clapeyron relation gives another relation connecting v' and v", 
namely ,^ , .^ jjlJig 

dp 



r = A {v''-v')T- 



dT 



dp . 



in which the derivative— i- is found from eq. (A) and r from the Thiesen 
dT 

formula. The values of v" and v' are therefore readily obtained by the 

solution of a quadratic equation. 
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37. Table of Properties at High Temperatures. — ^The following 
table gives the thermal properties of saturated Bteam between 600^ and 
the critical temperature^ as calculated by the methods just described. It 
is to be understood that the tabulation is merely a conjecture and ihat 
no claim of extreme accuracy is asserted. 

Table 18. 
Propebties of Saturated Steam From 600° to 706.3** F. 



V 


Fnmat: 
lb.i^M|. 


Vohtine 

of 

lib. 


1 oa. ft. 


HntOooteot 


Lftteni 


of liquid 


of TBIXir 


hMi 


000 


1M0.4 


0.272 


3.68 


604.5 


1164 


560 


620 


1668.7 


0.241 


4.15 


633 


1151 


518 


640 


2066.6 


0.187 


5.35 


663 


1136 


473 


660 


2860.8 


0.151 


6.63 


700 


1112 


412 


680 


2600.1 


0.118 


9.86 


745 


1080 


335 


700 


3074.6 


0.060 


12.46 


823 


1016 


193 


706.3 


3300 


0.048 


20.92 


921 


921 






Comparing the equations used in deducing the values in this table 
with the original equations (B) and (D), it is found that the former 
merge into the latter at a temperature lying between 560** and 600** P. 
The discrepancy at 600** is small. It may be reasonably assumed^ there- 
fore^ that the general equations developed in this investigation hold good 
up to 600** F. when applied to the saturated vapor. The corresponding 
pressure limit is above 1500 lb. per sq. in. 

V. Eesumk of Formulas. 

For convenience of reference the principal formulas devdoped in 
the preceding section are here collected. The constants are for English 
units with pressures expressed in pounds per square inch. The logarithms 
involved are common logarithms. 

1. Belation between pressure and temperature : 

log p = 10.5688080 - i§Z|^_ 0.0155 log T - 0.00406)^58 T 

[/< — 370\2 / t — 370X^1 
^^"""^^ ( 100 ) ^\ 100 ) r^^ 



100 / \ 100 

T = t + 459.6 
2. For the specific volume : 

^— (1 + 0.0512V) |j- 



v — c = 0.59465- 



(B) 



in which log Ci = 10.82500, and c may be given a mean value 0.017. 
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3. For the specific heat: «oroo n /^ i aao^o \t\ 

Cp = 0.320 + 0.0001267 H j^ + -^^-^ — ^ ^-^- (C) 

log (7, = 11.39361. 

4. For the heat content: C,^ (l + 0.0342y^) 
i = 0.320r + 0.000063r» —^-7= ^-^ =T — ^^-^ 

+ 0.00333^+948.7 (D) 

log (7, = 10.79155. 

5. For the entropy of superheated steam 

8 = 0.73683 log T + 0.0001267 - ^^"^^'^ - 0.26865 log p 

_C^(l + 0.0342p)_^^3^3^ (B) 

log C4 = 10.69464 

6. For the intrinsic energy of superheated steam, in B. t. n. : 

, = 0J>099r + 0.000063r'-i^- ^'^ <^+^-^^^^^^"> +948.y (P) 

log a, = 10.69464 

7. Heat of the liquid between 32° and 212° from Callendar's 

i' = 0.9838* + 2.0866 log (< + 4) + 0.283 ( ) + 

/<-32 \3 \ 100 / 

8. Entropy of the liquid between 32^ and 212'', from Callendar's 
fomnilA 

f' = 2.8623 log T + 0.0045776 log (^ + 4) - 0.00022609 T 
+ 0.00000012867r« — 6.2879. 

9. External latent heat of saturated steam : * 

^=o.noir- ^»P(i-H)og^^^P) 

log Ce = 10.09258. 

10. Latent heat of saturated steam : 

T dp 

T dp ^ P dT 

in which — -^ is derived from formula (A). 
p dT , ^ ^ 

The preceding equations are su£Scient for the calculation of all the 

ttennil properties of saturated and superheated steam that are usually 

found in steam tables. 



Digitized by VjOOQIC 

i 



66 ILUNOIS BNGINBERING BXPBRIHENT STATION 

VI. Conclusion. 

38. Comparison of Tables and Formulations. — ^A table of the prop- 
erties of steam^ or a formulation from which a table may be calculated, 
should possess two characteristics, consistency and accuracy. A table or 
formulation is consistent when the values are obtained from equations 
that are properly connected by thermodynamic rdations, such as the 
Clausius and Clapeyron relations. It may be considered accurate if the 
calculated values show close agreement with the most rdiable experi- 
mental data. In this sense, accuracy is only relative. A table that would 
have been considered accurate ten years ago would be regarded today as 
extremely inaccurate in the light of our present knowledge of the subject. 

Taldng these two characteristics as a basis of classification, the 
existing tables and formulations may be divided into four groups : 

1. Those that possess neither consistency nor accuracy. 

2. Those that are consistent but inaccurate. 

3. Those that are reasonably accurate but lack consistency. 

4. Those that are both consistent and accurate. 

In the first group may be placed all the older tables, such as Ban- 
kine's, Buel's, Porter's, and Dery^s. The tabular values were calculated 
from empirical formulas based chiefly on Begnaulf s data, and the neces- 
sary connection through thermodynamic relations was not recognized. 

In the second group are the tables based on Callendar's theory. As 
regards consistency these tables are entirely satisfactory, as the ther- 
modynamic relations are satisfied. Mollier's tables appeared before the 
publication of the decisive Munich experiments, which invalidated some 
of the fundamental assumptions of Callendar's theory. Smith and 
Warren, however, have apparentiy ignored completely the mass of experi- 
mental evidence accumulated since 1900, and have deliberately sacnfioed 
accuracy for the sake of consistency. While these two sets of tables are 
probably more accurate than those in the first group, they are neverthe- 
less grossly inaccurate according to present standards. 

The noteworthy researches of Davis have been embodied in the 
Marks and Davis steam tables and in the last edition of Peabod/s tables. 
The establishment of the new formula for the heat content of saturated 
steam was the principal achievement of Dr. Davis, and the incorporation 
of this formul{i in the tables marks an important advance in accuracy. 
The Marks and Davis tables are not rigorousfy consistent^ and in some 
particulars they also exhibit a lack of extreme accuracy. The system of 
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specific heat curves used as the basis of the values in the region of super- 
heat is probably somewhat in error^ as noted in a preceding section. 
The values of the specific volume of superheated steam are probably too 
hi^^ and the values of the heat content in the r^on of superheat are 
almost certainly too low (See Fig. 11) . The value 970.4 B. t. u. assumed 
for the latent heat at 212"" F. is doubtless slightly low. Notwithstanding 
minor defects in accuracy and consistency^ the Marks and Davis tables 
are justly held in high regard^ and they have been very generally accepted 
as standard in engineering practice. 

In the fourth group may be included the formulations of Jakob 
and Heck^ and the formulation developed in the preceding sections. In 
each of these, consistency is secured by a strict observance of ther- 
modynamic relations; at ihe same time the available experimental data 
are used to check the equations, and thus a high degree of accuracy is 
insiired. It is probable that a table derived from any one of these formu- 
lations would surpass in accuracy the best of existing tables. 

With respect to the relative advantages of the three formulations, 
the following statements may be made. Jakob's scheme is open to the 
objection that it is graphical. Numerical results must be obtained by 
measurement of geometrical magnitudes. Ihirtfaermore, Jakob's system 
of spedfic heat curves, like Davis' system, is probably erroneous near the 
atoration limit. For these reasons Jakob's formulation may be con- 
sidered the least satisfactory of the three. Heck's theory doubtless shows 
good agreement with experimental data, and a table constructed from it 
should be thorou^y satisfactory as regards accuracy and consistency. 
In the few cases in which comparisons have been made, the theory de- 
scribed in this bulletin appears to show somewhat closer agreement with 
experimental data than Heck's theory. Equation (A) for the pressure- 
temperature relation is evidently superior to Heck's modification of 
Marks' formula; the characteristic equation (B) represents the Enob- 
IsQch measurements more accurately than Heck's equation; and equa- 
tion (D) for the heat content gives values of t at saturation that agree 
Tery closely with the points deduced by Davis from the throttling experi- 
ments, while Heck^s curve for t runs appreciably higher. 

As r^ards accuracy, the theory under discussion does not suffer in 
comparison with Heck's theory. In other respects it presents certain 
obvious advantages. (1) The range within which the formulation may 
be r^arded as valid is somewhat greater. At saturation Heck's equations 
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hold good up to 500"" F.^ or perhaps a little higher; the equations (B) 
to (F) are valid up to nearly 600** F. (2) Heck's equations are exces- 
sively complicated and ill-adapted for computation. Equations (B) to 
(P) are in comparison relatively simple, and because of the repetition 
of certain terms in the several formulas the labor of computation is 
greatly abridged, and numerical results may be obtained with compara- 
tive ease. 

39. Effect of Future Experiments. — The theory under discussion 
has been correlated with the most reliable experimental data available at 
the present time. It is, of course, probable that subsequent experiments 
of a higher order of precision will modify these data to some extent 
and possibly render necessary a revision of the formulation. It may 
be profitable in this connection to discuss briefly the sufficiency of exist- 
ing data and indicate the possible effect of future experiments. 

The pressure-temperature determinations may be regarded as final. 
It is not likely that further experiments will modify these to any extent. 
Further experiments on specific volumes are desirable; these should 
include a higher superheat and much greater pressure range than the 
Munich experiments. Such experiments would probably confirm the 
results of Knoblauch, Linde, and Elebe. The results of the experiments 
of Lanz and Schmidt on the specific heat of steam at the higher pressures 
are awaited with interest A preliminary report indicates that the experi- 
ments of Knoblauch and MoUier are substantially confirmed. The ex- 
periments at higher pressures should settle the question of the proper 
course of the specific heat curves near the saturation limit. With refer- 
ence to the specific heat of water, the results of Barnes and Callendar 
for the range 32**-212** should be accepted. For the range above 212** 
the experimental evidence is at present unsatisfactory and further experi- 
ments in this field are urgently needed. Finally, the questions raised 
by the various discrepancies in the throttling experiments should be 
settled by a new set of experiments conducted with proper precautions 
to insure the dryness of the steam and the accuracy of the measurements. 

While the theory may require modification as additional experi- 
mental data become available, it is believed that such modifications as 
may be necessary can be made without essential changes in structure. 
The formulation is extremely sensitive to changes in the constants and 
any modifications that are likely to be made in the fundamental data, 
volumes, specific heats, etc., can be accommodated by slight changes in 
the constants. 
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40. Summary. — In this bulletin is described the development of a 
general theory of the properties of superheated and saturated steam. For 
this theory the following claims are urged. 

1. . Consistency, — In the deduction of the fundamental equations 
the thermodynamic relations have been recognized, and the satisfaction 
of these relations assures consistency. 

2. Accuracy. — ^The equations have been checked with the most 
reliable experimental data available, and in every respect the agreement 
is extremely close. It may be asserted that the formulation is at least 
as accurate as any other that has thus far appeared. 

3. Simplicity. — The equations are relatively simple and well 
adapted for computation of nimierical results. 

4. Fl&tibility. — ^The structure of the formulation' is such that 
modifications necessitated by further experimental data can probably be 
made by slight changes of the constants. 

5. Range of Validity. — At the saturation limit the equations are 
valid throughout the range 32**-600° F., a range far wider than is at 
present employed in engineering practice. 
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THE Engineering Experiment Station was established by act of 
the Board of Trustees, December 8, 1903. It is the purpose of 
the Station to carry on investigations along various lines of engi- 
neering and to study problems of imjwrtance to'professicmal engineers 
and to the manufacturing, railway, mining, constructional, and indus- 
trial interests of the State. 

The control of the Engineering Experiment Station is vested in 
the heads of the several departments of the College of Engineering. 
These constitute the Station StaJBE and, with die Director, determine 
the character. of the investigations to be undertaken. The work is 
carried on under the supervisioirt>f the Staff, sometimes by research 
fellows as graduate work, sometimes by members of the instructional 
staff of the College of Engineering, but more frequently by investi- 
gators belonging to the Station corps. 

The results of these investigations are published in the form of 
bulletins, which record mostly the experiments of the Station^s own 
staff of imestigators. There will also be issued from time to time in 
the form of circulars, compilations giving the results of the experi- 
ments of engineers, industrial works, technical institutions, and 
governmental testing departments. 

The volupic and nimiber at the top of the title page of the cover 
are merety arbitrary nimibers and refer to the general publications of 
the University of Illinois; either above the title or below the seal is 
given the number of the Engineering Experiment Station bulletin or 
circular which should be used in referring to these publications. 

For copies of bulletins, circulars, or other information address the 
Engineering Experiment Station, Urbana, Illinois. \ 
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THE ANALYSIS OF COAL WITH 
PHENOL AS A SOLVENT 

I. Introduction. 

I. Present Methods of Coal Analysis, — There are two processes 
in vogue at the present time for the chemical examination of coal ; one 
is the ultimate, and the other is the proximate method of analysis. In 
the first the organic or combustible part of the coal is separated into 
its elemental constituents, carbon, hydrogen, oxygen, and nitrogen. 
The mineral or non-combustible portion is separately determined under 
two items as ash and moisture. 

In the proximate method the organic material is separated into two 
divisions, one being that portion which under high temperature and 
out of contact with the air passes off in the gaseous form, and the 
other that part which remains behind as the non- volatile or coke- form- 
mg carbon. 

Each procedure has doubtless come into use as the result of a 
specific demand. For example, the engineer needed the data from 
which he could calculate the total heat of the coal and, in arriving at 
a heat balance, he must also have at hand any negative factors charge- 
able to the fuel, such as the quantity and character of the gaseous 
products of combustion. These items, therefore, would call for the 
data furnished by the ultimate methods of analysis. 

The proximate method was developed as a natural accompaniment 
of the gas and coke industries, since it furnished in either case an index 
of the yield which might be expected from a given coal. Formerly, 
also, the quantity of volatile matter was made to serve as an index 
of the grade or quality of a coal. Thus the data from proximate 
analyses have been put into the form of "fuel ratios" or the ratio of 
the non-volatile to the volatile part of the coal, such ratios supposedly 
serving as an indication of the general class or type to which the coal 
belonged. 

It is evident from this brief statement that the results obtained 
from ordinary methods of analysis are of rather narrow application 
and that the data from neither the ultimate nor the proximate methods 
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convey much information which can be applied to the every-day prob- 
lems connected with the handling and use of coal such as coking, 
storage, deterioration, oxidation, weathering, and spontaneous com- 
bustion. 

It is to be noted in this connection that the ordinary methods of 
analysis give the percentage amounts of certain elements or compounds 
which result from destructive processes and do not even remotely take 
account of the actual constituents of the organic or active portions of 
the coal as they occur in unaltered form. But it is these unaltered 
constituents which have to do with such matters as coal storage and 
spontaneous combustion. Especially do they have to do with coking 
properties, with smoke formation, and the type of distillation products 
which they may be made to yield. 

2. Purpose of the Proposed Study. — The purpose of this inves- 
tigation has been to examine and enlarge upon certain processes of 
analysis which proceed in such a manner as to separate in unaltered 
form the fundamental substances of which coal is composed, and to 
study their characteristic properties in detail. 

Efforts along this line have multiplied in recent years. Much 
suggestive information has come from the study of the types of 
vegetable matter which constituted the source of the initial coal 
substance. The microscopical studies of White,^ of the United States 
Geological Survey, and Professor Jeffrey,- of Harvard, have devel- 
oped the general proposition that the original organic constituents 
would fall into two general classes: those of the cellulose and those 
of the resinic type. A similar line of evidence has been developed by 
numerous investigators, who have made use of various solvents, which, 
in the main, have differentiated the compounds along the same general 
lines. The work of Frazer and Hoffman,'* Clark and Wheeler,* and 
Professor Lewes' may be cited in this connection. 

In conformity, therefore, to this general proposition as to the coal 
constituents this investigation proceeded upon the general hypothesis 
that in coal two types of compounds are to be met with : ( i ) the deg- 
radation products of the original cellulose substances, and (2) the 
less altered and perhaps more characteristic compounds of the resinic 
type. The first line of investigation, therefore, from the chemical 
standpoint, would seem to consist of a study of various solvents which 
might lend themselves to such a separation into the two main subdi- 



1. Professional Paper 85-E, United States Geological Survey (1914). 
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visions of the coal constituent, and, second, a study of the general 
properties of each branch. 

3. Outline of the Investigation. — (i). Various extractive agents 
were used to determine the extent or completeness of their solvent 
properties. Solvents were selected which would seem to have the 
greatest ability to remove those bodies which were of the resinic type. 
The substances tried are arranged in the order of their solvent prop- 
erties in so far as that would seem to be indicated in preliminary 
studies directly concerned with the extent of the solvent action of 
each. The list is as follows: phenol, ortho-cresol, low boiling tar 
distillate, para-cresol, pyridine, phenol-toluene mixture, aniline, methyl 
aniline, acetone, toluene, benzene, carbon disulphide, and turpentine. 
While some of the above solvents might warrant further study, there 
are evident advantages over the other compounds in the use of phenol 
am! it was made the subject of extended study. 

(2). A general survey of the various types of coal was made 
to determine the relative amounts of phenol-soluble extract contained 
in each. The average amount of material extracted from Pocahontas 
coal was i .8 per cent and the results varied in the case of Illinois coals 
from 22 per cent to 39 per cent. These results were calculated on an 
ash and moisture free basis. 

(3). By effecting a separation as indicated under (i), it was 
possible to study separately the insoluble residue and the extracted 
material, to determine which had the greater avidity for oxygen, also 
to which division should be credited the coking constituents, and what 
products of decomposition, such as gas, illuminants, tar, etc., could be 
assigned to each. 

4. Summary of Results, — i. Phenol at lOO^'C. will dissolve cer- 
tain constituents of bituminous coals in their natural state. The two 
subdivisions, designated as insoluble residue and extraction material, 
together make substantially 100 per cent or the amount of the original 
substance. 

2. The amount of extractive material is definite and susceptible 
of quantitative determination. 

3. Studies upon these two type substances indicate that the ex* 
tract is the vital constituent concerned in the coking of coal. It con- 
forms to the principle already enumerated^ in that it has a sufficiently 
definite melting point and a decomposition temperature which is above 
that of the melting point. 

4. Each subdivision is capable of absorbing oxygen. The effect 
upon the extract is to modify its coking properties by lowering or 



1. Bulletin No. 60, U. of 111. Eng. Exp. Sta., p. 20. 
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greatly reducing its power to form a firm and coherent mass. 

5. The oxygen taken up in either case is found to be chemically 
combined. The oxygen taken up by the fresh coal is similarly held. 
The insoluble portion has the greater avidity for oxygen. This relation 
to oxygen has a bearing upon other topics aside from that of coking, 
as the heating of coal in storage, spontaneous combustion, weatherings 
and deterioration. 

II. Experimental. 

A. APPARATUS AND METHOD OF PROCEDURE. 

5. Preliminary, — In the preliminary part of the work, conducted 
to determine which solvent would be the best suited to the purpose, 
the adaptability of the solvent was determined by the amount of mate- 
rial which it would remove, and also, by the absence of chemical 
activity involved in its use. That is to say, the action must be that of 
a true solvent and must not develop chemical changes either in its own 
structure or that of the components of the coal. These features could 
be most readily indicated by noting (i) the amount of material dis- 
solved, and (2) the sum of the extract and residue; this sum should 
correspond substantially to the weight of the original material, pro- 
vided no chemical action had taken place. The refinements in analyt- 
ical methods in the preliminary work were not developed beyond the 
point necessary to determine the applicability of the extractive agent 
to the work in hand. The solvents used are given in the order of their 
effectiveness, the most active being placed first: phenol, ortho-cresol, 
low boiling tar distillate, para-cresol, pyridine, phenol-toluene mixture, 
aniline, methyl aniline, acetone, toluene, benzene, carbon disulphide, 
and turpentine. 

Para-cresol, ortho-cresol, and low boiling tar distillate decomposed 
during the extraction, thus apparently increasing the amount of ex- 
tracted material. Ortho-cresol gave but little decomposition product 
and as a solvent it ranked next to phenol. Methyl aniline and aniline 
presumably underwent decomposition.^ Pyridine and phenol-toluene 
mixture gave a certain amount of extract but it was not as large as 
that obtained by use of phenol alone. Furthermore, the increase in the 
amount of nitrogen which is found in both the extract and residue 
after treatment with pyridine must be taken as an index of the forma- 
tion of substitution products not originally present in the coal sub- 
stances.^ Acetone, benzene, carbon disulphide and turpentine extracted 
only small amounts of material and were therefore discarded. 

1. Lewes, Progreasive Age, 29, 1033. 

2. Lewes, Progressive Age, 29, 1033. 

Clark and Wheeler, Journal Chem. Soc, 103, 1709. 
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6. Phenol and the Conditions zvhich Influence the Amount and 
Character of Extract. — As a result of the preliminary work, it was 
evident that phenol was the chemical best suited for use as an extract- 
ive agent. A study, therefore, of the ultimate requirements necessary 
in its use, was the next step to be undertaken. The fundamental con- 
ditions to be observed were found to be (a) time for the solvent act, 
(b) temperature, (c) presence or absence of air in any part of the 
process. The effect of these various conditions may be shown as 
follows : 

(a) Time of Extraction. 

In order to determine the amount of material extracted for various 
lengths of time, five grams of coal were treated for successive periods 
of five hours each, and the amount of extract determined. At the end 
of twenty hours the extraction was discontinued and the weight of the 
extract determined. The results of the extraction were as follows: 

Table 1. 

Weight of Material Dissolved from Coal Using Phenol for 
Five Hour Periods. 



Weight of the extract after 1st five hours 


1.188 grama 
.110 " 


•• " " " " 2nd " " 


- •* " " " 3rd " •* 


.040 " 


" " " " " 4th ** *' 


.027 " 







It will be seen from Table 1 that during the last five hours of 
extraction only .027 gram of material was obtained. To determine 
whether this last increment was true extract or decomposition prod- 
ucts of the solvent, the phenol was distilled alone for ten hours as a 
blank without any coal in the extraction tube, and the phenol distilled 
off at the end of that time. The weight of the residue in the flask was 
JQ^ gram. This weight of decomposition product obtained after ten 
hours of distillation would represent an equivalent of .015 gram for 
five hours of distillation. When we consider that the amount of ap- 
parent extract during the last five hours was only .027 gram, if .015 
gram of this were derived from the phenol, then only .012 gram would 
be the weight of the substance actually dissolved during that period. 
It was decided, therefore, to stop the extraction at the end of twenty 
hours and this length of time for the extraction process was used in 
all of the work. 

(b) Temperature of the extraction. 

In the earlier part of the work it was found that there was a 
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larger amount of material extracted from the coal if the solvent were 
applied hot, as at iio^'C,* instead of at 20° to 25°. The use of the 
higher temperature was accomplished by condensing the phenol at the 
temperature of boiling toluene, i. e., 110°. By causing the condensate 
at this temperature to flow upon the coal, which in turn was held in 
the vapors of the phenol, the temperature of the solvent was thereby 
always kept above 110°. The weight of extract and residue from 
two coals, when extracted with phenol at the two different temperatures, 
is given in the following table : 



Table 2. 

Weight of Extract and Residue from Coal Extracted 
AT Different Temperatures. 



Coal 


Divisions 


Extracted 
at 25" C 


Extracted 
at 110° C. 


Diflfcrence 


A 
B 


Extract 
Residue 
Extract 
Residue 


1.564 
3.543 
1.326 
3.788 


1.691 
3.451 
1.458 
3.674 


+ 0.127= 4-2.56% 

— .092 = — 1.84% 
+ 0.132= H-2.64»i 

— 0.114 = — 2.28% 



It will be noticed that with both coals the weight of residue decreased 
and that the weight of extract increased when the extraction was car- 
ried out at the higher temperature. The discrepancies are to be re- 
ferred to the decomposition resulting from the continuous boiling of 
the phenol. This topic is discussed more fully later. Although the 
additional amount of extract was not large, it was thought advisable 
to carry out the extraction at the higher temperature even though the 
apparatus which was necessary for doing it was slightly complicated. 

(c) Presence of Air in the Extraction Apparatus. 

In some of the preliminary experiments it was found that the 
weight of extract and residue combined was equal to more than the 
original weight of the coal. This would doubtless be due to the oxida- 
tion of some of the substances involved, i. e., extract, residue, or 
phenol. The extraction was, therefore, carried out in the absence of 
air, carbon dioxide being conducted through the apparatus. The fol- 
lowing results show very plainly that there was an increase of weight 
in both the extract and residue when the distillation was carried out 
in the presence of air. The test was made on five grams of two 
different coals. These results are given in Table 3. 



1. All temperature readings in this discussion are Centigrade. 
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Fig. I. 

Extraction Apparatus 

Ready for Operating 



Fig. 2. 
Condenser Device for Increasing the Temper- 
ature OF THE Solvent 



I 
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Fig. 3. 
Continuous Extraction 
Apparatus Using Phenol at iio*. 
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Table 3. 

Coal Extracted with Phenol in the Presence of Air and 

Carbon Dioxide. 





Residual 








Coal 


Substance 


In COj 


In Air 


Increase 




Extract 


1.564 


1.614 


.050 = 1.00 % 


A 


Residue 


3.543 


3.691 


.148 = 2.96 </c 




Total 


5.107 


5.305 


.198 ~ 3.96 Vc 




Extract 


1.326 


1.389 


.063 = 1.26 </o 


B ] 


Residue 


3.788 


3.921 


.133 = 2.66 Vc 




Total 


5.114 


5.310 


.196 = 3.92. 9c 



7. Apparatus. — From the preliminary work the apparatus shown 
in Figs. I, 2, and 3 was decided upon as being the best adapted for 
carrying out the process. Figs, i, 2, and 3 show different views 
of the apparatus. An extraction cone (A), 25 by 80 cm., was sup- 
ported in the neck of a 750 cc. Kjeldahl flask by means of a bent glass 
rod (B). A No. 7 rubber stopper (C) which contained three holes 
was placed in the neck of the flask. Two of the holes were for small 
glass tubes (E and F) through which carbon dioxide could be con- 
ducted. The one large hole in the center was for the upper end of a 
glass bulb (G) which acted as a condenser for the phenol. This con- 
denser-bulb was almost as large as the neck of the flask and was drawn 
out at the upper end to fit a water condenser. It was necessary that 
this bulb should be large enough to hold about 25 cc. of toluene. The 
toluene itself was condensed by an ordinary 70 cm. water condenser. 
A Woods' metal bath was used for boiling the phenol. The whole 
flask was protected from draughts by asbestos paper. 

8. Process of Extraction. — One important problem which pre- 
sented itself in the extraction of coal with phenol was the matter of 
freeing the residue and the extract from the solvent. Obviously, the 
extract and the residue must be treated differently because of the 
nature of each. In spite of the fact that all precautions as to oxida- 
tion, decomposition, etc., were observed during the extraction, it was 
found that the sum of the weight of extract and residue was larger 
than the original weight of coal. This fact seemed to indicate that 
phenol was being retained in either the extract or the residue by a 
physical or chemical union. If the phenol was being held chemically, 
it could not be used as a solvent. Therefore, it was necessary to deter- 
mine whether such was the case or not. 

After the extraction, the residue was washed first with alcohol 
and then with ether in a Soxhlet extractor. The residue was subse- 
quently dried in the air for one hour at 100°. It was found that this 
method of freeing the residue from phenol could not be used for two 
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reasons; even after the washing process and drying at lOO** traces 
of phenol remained in the residue, and there was also the possibility of 
oxidation of the finely divided residue during the heating. In order 
to remove the adhering phenol the method would seem to be that of 
heating to a temperature above the boiling point of the solvent, i. e., 
to approximately 200°. Moreover by heating the residue which had 
been treated as above described to 200° traces of phenol were shown 
to be given off. The possibility of heating to this temperature raises 
the. questions (i) of oxidation and (2) of decomposition of the mate- 
rial. The first point could easily be guarded by use of an inert atmos- 
phere such as carbon dioxide. In the presence of such an atmosphere, 
heating to 200*^ could be carried on without decomposition as is shown 
by the following experiments. 



Table 4. 

Showing the Effect of Heating Coal Substance to 200° 
IN AN Atmosphere of CO,. 



Residue 


Weight of 
Residue 


Time of 
Heating 


Weight after 
Heating 


Difference 


A 
B 
C 
D 


4.125 
4.120 
4.200 
3.994 


3 hours 
2 " 

1 " 

2 " 


4.121 
4.123 
4.200 
3.981 


— .004 
H-.003 

.000 

— .013 



As a result of these experiments the following procedure was 
adopted. After being washed with ether, the residue was dried for 
a short time in the air to allow the ether to evaporate and was then 
transferred to a flask. It was kept at 200° for one hour with a slow 
stream of dry carbon dioxide passing through the apparatus. At the 
end of one hour the flask was allowed to cool and the carbon dioxide 
displaced by dry air. The flask was then weighed. Because of the 
very hygroscopic nature of the material, it was necessary to protect 
it from all possible sources of moisture during the drying process. 

To free the extract from phenol the first method used was to 
distil at reduced pressure. After practically all of the phenol had 
been driven off under this condition the temperature was raised to 
200° while a current of carbon dioxide was conducted through the 
the flask. It was thought that by simply bringing the mass to that tem- 
perature all of the phenol would be driven off. However, it was soon 
found that this was not the case. The heating of the extract was 
then continued for one hour in a stream of carbon dioxide, in a manner 



Digitized by 



Google 



PARR-HADLEY — ^ANALYSIS OF COAL WITH PHENOL AS A SOLVENT I3 

exactly similar to that used with the residue. It was found that this 
method of treatment gave a lower weight for the extract. Although 
phenol was given off during the heating, it was not known what effect 
heating to 200^ would have upon the composition of the material. To 
test the matter, the extract after being dried at 200® for one hour was 
again heated for a certain length of time under the same conditions. 
The results from some of the extracts as given in Table 5 show for 
the length of time indicated, that the decomposition, if there was any, 
was not large. 



Table 5. 

Showing the Effect of Heating the Extract to 200*' 
IN AN Atmosphere of CO,. 



Extract 


Weight of 
Extract 


Time of 
Heating 


Weight after 
Heating 


Difference 


A 
B 

C 


.895 

1.027 

.932 


1 hour 

1 " 

2 " 


.893 
.997 
.932 


— .002 

— .030 

— .000 



9. Method of Procedure. — As a result of the above experiments 
the following process was uniformly followed. Five grams of coal 
ground to 100 mesh, which had been dried at 105° for one hour, were 
extracted with 50 to 60 cc. of redistilled phenol. The extraction cones, 
previous to use, were dried and weighed with the exclusion of moist- 
ure. After extraction with phenol, the cone with the coal was placed 
m a Soxhlet extractor and washed for two hours with alcohol and 
then for two hours with ether. The ether was allowed to evaporate 
from the cone for a short time and the residue, when almost dry, was 
shaken out into a 100 cc. Erlenmeyer flask. The residue was then 
dried for one hour at 200® in a slow stream of carbon dioxide. The 
flask was allowed to cool and the carbon dioxide displaced by dry air. 
The flask was then weighed and the residue sealed in a small sample 
tube. The weight of the small amount of residue adhering to the 
cone was obtained by drying the cone at 105° and weighing. The 
phenol containing the extract was poured into a 200 cc. round-bot- 
tomed flask. The last trace of the extract was washed out of the 
Kjeldahl flask with pure phenol. The phenol was then distilled at re- 
duced pressure (15 to 25 mm.) in the presence of carbon dioxide. The 
temperature of the Woods' metal bath was then raised to 200*", and 
carbon dioxide conducted through the flask to remove the last traces 
of phenol vapor. The flask was then transferred to an oven and main- 
tained for one hour at 200 ^'j while a slow current of carbon dioxidf 
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was continued through the flask. After cooling, the carbon dioxide 
was displaced with dr>' air and the flask weighed. The extract W3S 
pulverized and preserved in sealed tubes. 

After all the details of the apparatus had been worked out and 
the sources of error in the method corrected as far as possible, a num- 
ber of coals were extracted. The method just outlined was followed in 
detail. The extractions were carried out to test the constancy of the 
results and to find the limits of accuracy by comparing the sum of 
extract and residue with the amount of coal taken. The results are 
shown in Table 6. 



Table 6. 
Weight of Extract and Residue from Five Grams of Coal. 



Table 
No. 


Sample 


Weight of 
Extract 


Weight of 
Residue 


Toul 
Weight 


2 
3 
4 
5 
6 
7 
8 
q 
10 

n 

12 
13 
14 
15 


Williamson Co.. Ill 

Macoupin Co., Ill 

Madison Co., Ill 

Vermilion Co., Ill 

Madi.son Co.. Ill 

Logan Co., Ill 

Jackr.on Co., Ill 

Sangamon Co.. 111. 

Montgomery Co., Ill 

Williamson Co.. Ill 

Vermilion Co., Ill 

Vermilion Co.. Ill 

Williamson Co.. Ill 

Pocahontas. W. \'a 

Lignite. Wvo 


1.120 
1.458 
I.6QI 
1.826 
1.446 
1.887 
1.246 
1.959 
1.559 
1.327 
1.937 
1.689 
1.616 
.090 
.630 


4.006 
3.674 
3.451 
3.236 
3.642 
3.219 
3.878 
3.139 
3.498 
3.749 
3.104 
3.372 
3.491 
4.923 
4.559 


5.126 
5.132 
5.142 
5.062 
5.088 
5.106 
5.125 
5.098 
5.057 
5.076 
5.041 
5.061 
5.107 
5.013 
5.189 



It will be noted in the above table that the weight of extract 
combined with the weight of residue was in all cases above the weight 
of coal taken. This is to be accounted for in the following manner. 
Experiments already given (page 7) showed that when 50 cc. of phenol 
were distilled for five hours that the amount of decomposition product 
was .015 gram. For twenty hours the amount of decomposition prod- 
uct 'would be .06 gram provided the decomposition was regular and 
that the presence of coal did not in any way tend to increase the rate 
of decomposition. It must be admitted that the alteration of phenol 
during all of the extractions would not be the same for the reason 
that the rate of distillation could not be controlled accurately and as 
a result the decomposition would vary somewhat in amount. On 
examining the results above it will be seen that the sum of the weight 
of extract and residue was from .013 to .189 gram in excess of the 
original weight of the coal. These two results are extreme cases. 
Now granting that the amount of decomposition of phenol would 
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vary from one-half to two times the amount determined in the blank 
test, then the excess of weight from the process would be substantially 
accounted for by referring it to the phenol residue. Furthermore, 
^cklization or absorption of water by either the extract or residue 
would cause an increase in weight and would tend to augment the plus 
error observed. 

It might be well to note in this connection that since the decompo- 
sition product from the phenol will appear in the extract only, a 
corrected weight of the extract would therefore be obtained by sub- 
tracting the weight of residue from the original weight of the coal. 
Thus the weight of the coal minus the insoluble residue is the cor- 
rected factor showing the degree of extraction. 

B. Application of the Method to Different Types of Coals. 

While the preliminary work was done on two coals and though 
the methods were not as accurate as those finally devised, it could be 
^sily seen that the two coals contained markedly different amounts 
of material soluble in phenol. One coal was from the central and the 
other from the southern part of the state. As a means of comparison 
of coals from different localities it was decided to make an extraction 
of coals from the same and from different districts. Samples of Illi- 
nois coals were, therefore, obtained from local dealers. The most 
recent shipments and large lumps were selected as best suited to the 
purpose. Samples of Pocahontas coal and lignite were also obtained. 
The name, location, volatile matter, fixed carbon, and ash of the coals 
are given in the following table. 



Table 7. 
Showing Analysis of Coals. Dry Basis. 



Table 
No. 


Source of Sample 


Ash 
per cent 


Volatile 
Matter 
per cent 


Fixed 

Carbon 

per cent 




Williamson Co., Ill 

Macoupin Co., Ill 

Madison Co.. Ill 

Vermilion Co., Ill 

Madison Co., Ill 

Logan Co., Ill 

Jackson Co., Ill 

Sangamon Co., Ill 

Montgomery Co., Ill 

Williamson Co., Ill 

Vermilion Co., Ill 

Vermilion Co., Ill 

Williamson Co., Ill 

W. Va. Pocahontas 


10.41 
13.54 
11.65 

8.68 . 
11.73 

8.74 

6.01 

5.18 
11.84 

7.88 

3.30 

6.74 

7.85 
13.38 


36.86 
40.12 
43.06 
44.36 
37.95 
41.99 
34.93 
44.48 
42.12 
36.78 
47.70 

37.85 
16.80 


52.73 
46.34 
45.29 
46.96 
50.32 
49.27 
59.06 
50.34 
46.02 
55.34 
49.00 

54.30 
69.82 
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The above coals were extracted with phenol. From the amounts 
of extract and residue as given in Table 6 the percentage amounts of 
each substance may be calculated, but on account of the variations in 
the ash it will be better to make such calculations on the ash free basis. 
It will be noted in Table 7 that the amounts of ash in these coals 
varied widely, from 3.30 to 13.54 per cent. Since the percentage of 
ash in the extract is seldom over 0.2 per cent it is quite evident that 
the phenol does not exert an appreciable solvent action on the mineral 
constituents in the coal.* Therefore, it is present simply as an inert 
material and serves to dilute the coal substance. If the amounts of 
residue and extract in one coal are to be compared with those same 
ccHistituents in another coal, it can be done only after the residue and 
extract in each have been calculated to an ash free basis. 

The following formula was used in this calculation : 
Per cent Residue as weighed — per cent ash in coal 



100 — per cent ash in coal 



= Ash free Residue 



The corrected ash free extract was found as indicated on page 
15 by subtracting the per cent of ash free residue from 100. As 
stated above the extract is not entirely free from ash, but as this was 
small in amount it was not considered in these calculations. The 
weight of residue and extract for Illinois coals were taken from Table 
6 and calculated to an ash free basis. The results in the order of 
decreasing residue and increasing extract are presented in Table 8. 

Table 8. 

Showing Percentage of Insoluble Residue and Extract 
Referred to the Ash Free Substance. 



Table 
No. 



1 
7 

10 
2 
5 

13 
9 

12 
3 
4 
6 
8 

11 



Description of 
Sample 

Williamson Co., lU 

Tacktoo Co.. HI „ 

Williamson Co., Ill 

Macoupin Co., Ill 

Madtton Co.. Ill 

Williamson Co., Ill 

Montfiromery Co., Ill 

Vermilion Co., Ill 

Madison Co., Ill 

Vermilion Co., Ill 

Logan Co., Ill 

Sangamon Co., Ill 

Vermilion Co., HI 



Percentage of 


Percentage of 
Ash free Extract 


Ash free Residue 


77.81 


22.19 


76.14 


23.86 


72.85 


27.15 


69.33 


30.67 


69.24 


30.76 


67.26 


32.74 


65.93 


34.07 


65.09 


34.91 


64.94 


35.06 


61.37 


38.63 


60.97 


39.03 


60.76 


29.24 


60.80 


39.20 



1. Frazer and Hoffman, Bureau of Mines, Technical Paper 5, p. 8. 
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Fig. 4. 
Location of the Ilunois Coals. 
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For purposes of geographical comparison the location of the 
Illinois coals together with the percentage of ash free extract has 
been shown on a map (page 17). The coals may be divided into 
three classes; (i) those low in extract; (2) those medium in extract; 
and (3) those high in extract. The class low in extract, i. e., from 
20-30 per cent, is located in the extreme southern end of the State 
and is confined as far as the tests extend to Jackson and Williamson 
counties. The class of medium extract, i. e., 30-35 per cent., is located 
in Madison, Macoupin, and Montgomery counties. The class high in 
extract, i. e., above 35 per cent, extends through the middle of the 
State. The coals which gave the high amount of extract were from 
Sangamon, Logan, and Vermilion counties. 

From this preliminary survey of the coals it seems that this 
method of analysis may lead to a much better comparison of coals or 
a closer subdivision of varieties than can be shown by the ordinary 
methods of analysis. Of course, the study must be much wider in 
scope before a fixed and definite conclusion can be drawn as to its 
applicability in this connection. 

C. GENERAL PROPERTIES OF EXTRACT AND RESIDUE. 

10. Relation of Extract and Residue to Coking Properties. — The 
relation of extract and residue to the coking properties was studied 
by making volatile matter determinations according to a specified 
method.^ The volatile matter determination was useful in two ways : 
(i) the percentage of volatile matter was indicated, and (2) the na- 
ture of the coke produced could be roughly determined by examining 
the material remaining in the crucible. The percentage of volatile 
matter will be given in another connection. 

The "coke" produced from the volatile matter determination of 
the insoluble residue showed very little coherence. The so-called 
"coke" was in fact not a coke at all. Its tendency to hold together 
depended to a certain extent upon the coal from which the residue 
had been obtained, for in some cases the material fell to pieces on 
being dumped out of the crucible and in all cases it could be disinte- 
grated between the fingers. It was much duller in appearance than 
ordinary coke. The residue, therefore, could properly be designated 
as non-caking and in consequence non-coking. 

The extract and residue diflfered widely in character. When 
heated to 300** to 350°, the extract softened but it did not produce a 
sticky material at first. Later, as the temperature was raised, it became 
sticky. On cooling it again assumed the compact brittle state, which 

1. Stanton and Ficldner, "Methods of Analyzing Coal and Coke", Technical Paper 8, 
Bureau of Mines (1912). 
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it originally possessed. The extract when subjected to the volatile 
matter test swelled to three or four times its original size and gave a 
large amount of volatile matter. The material remaining after the test 
possessed a bright, shiny appearance. It was very friable. However, 
it was a material entirely different from that produced from the 
residue. 

If the residue and extract are mixed in the ratio in which they 
occurred in the coal and a volatile matter determination made, the 
material remaining is a coke about as strong in character and similar 
in appearance as that produced by the coal itself. From this it is 
evident that the coking constituent is the soluble extract and that its 
function is that of a cementing substance. 

II. Effect of Heating the Residue and Extract in the Air, — It is 
well known that coal oxidizes readily in the air at 200**. It was desired 
to learn the behavior of the residue and extract when heated under the 
same conditions. The residue was weighed and heated in contact with 
air in an oven at 200° for successive one hour periods. The results 
are given in the following table. 

Table 9. 

Showing the Increase in Weight of Residue when 

Heated at 200°. 





Weight 


Increase 


Wdght of residue 

after 1st one hour period 

after 2nd one hour period 


0.6782 
0.6868 
0.6903 
0.6926 
0.6952 
0.6960 
0.6973 
0.6982 


0.0000 
0.0086 
0.0121 


after 3rd one hour period 


0.0144 


after 4th one hour period 

after 5th one hour period 

after 6th one hour period 


0.0170 
0.0178 
0.0191 


after 7th one hour period 


0.0200 



The extract was also heated to 200° in the air. The results for 
Ae extract are given in Table 10. The time of the first heating was 
30 minutes and after that each successive period was one hour. 



Table id. 

Showing the Increase in Weight of the Extract when 

Heated to 200°. 





Weight 


Increase 


Weight of extract ^ 

after heating 30 min 


0.5718 
0.5720 
0.5745 
0.5770 


0.0000 
0.0002 


after 1st one hour period 

after 2nd one hour period 


0.0027 
0.0052 
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Fig. 5. 
Absorption of Oxygen by Coal Residues. 
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It was thus shown that both the residue and extract increased in 
weight when heated and that the rate of increase was faster in the 
case of the insoluble residue. These experiments are taken to mean 
that the increase in weight is an indication of oxidation of residue and 
extract. 

12. Avidity of Residue and Extract for Water and Oxygen at 
Ordinary Temperature, — The hygroscopic nature of the residue was 
one of the properties to be noticed first. On exposure to air it in- 
creased in weight rapidly, and on drying at 105^ for half an hour 
most of the water was driven off. However, it did not return to its 
original weight on drying, so that the excess in weight was probably 
caused by oxidation of the material. 

The hygroscopic nature of the extract was also noticeable but it 
was not as marked as that of the residue. The extract increased in 
weight when exposed to the air, and the moisture could be driven out 
again by drying at 105° for thirty minutes. 

Table 11 shows the increase in weight of extract and residue 
when exposed to the moisture of the air and the decrease in weight 
when they were dried at 105° for 30 minutes. 

Table ii. 
Effect of Oxidation on Residue and Extract. 



Sub»unce 


Weight 


Weight 

after 

Exposure 


Increase 


Weight 

after 

Drying 


Variation in 

Weight from 

Initial Material 


Residue .^ 


.3029 
.2467 


.3129 
.2485 


.0100 
.0018 


.3037 
.2462 


+ .0008 


Extract ..^ 


— .0005 



Oxidation of the residue and extract at ordinary temperature was 
also studied. Because of the hygroscopic nature of the residue and 
extract, it was difficult to determine whether oxidation was actually 
taking place or not. The rate of oxidation, if it occurred, would nec- 
essarily be slow at room temperature. Several experiments were per- 
formed for the purpose of determining whether or not the .material 
did oxidize. Obviously, the experiment must be so carried out that 
moisture increases may be obviated in order to know definitely that 
the material had oxidized and had not taken up moisture. 

The apparatus for showing the absorption of oxygen con- 
sisted of a barometer for measuring diminished pressure in a sealed 
space, which contained oxygen and the material to be tested. The plan 
of such an apparatus is shown in Fig. 5. The apparatus consists of 
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a ID cc. pipette (A) fused to a capillary tube (B) 900 mm. in length. 
The capillary tube is connected at the bottom by a Y-tube to another 
capillary tube (C) which serves as a leveling tube and through which 
oxygen can be introduced into the apparatus. The Y-tube is connected 
by a rubber tube (E) to a leveling bulb (F). 

In setting up the apparatus the procedure was as follows: One 
gram of extract (or residue) was introduced into the pipette and the 
end sealed off. Mercury was then placed in E and F, and a pindi 
clamp placed on E. The height of the mercury was such that it did 
not disconnect B and C. The apparatus was then evacuated repeatedly 
and filled five or six times with commercial oxygen which was dried 
by passing it through sulphuric acid. This procedure was followed to 
displace the air in the apparatus with oxygen. Finally a very slightly 
diminished pressure was maintained in the apparatus, the pinch cock 
on E opened, and the leveling tube raised. If this procedure were 
carried out properly, the mercury in B would stand a few mm. above 
the rubber connection and the mercury in both the capillary tube C and 
the leveling bulb F would stand at the same level. At certain intervals 
simultaneous temperature and barometric readings were taken and the 
true pressure calculated. 

Table 12 shows the results of an experiment on the extract. 

Table 12. 

Showing the Avidity of the Extract for Oxygen Measured in 
Diminished Pressure (mm.). 



Time after Sunding. 


Diminished Pressure in mm. 








23 hours 


36 


64 " 


56 


88 •' 


76 


112 " 


91 


136 " 


96 


208 " 


125 



Table 13. 

Showing the Avidity of the Residue for Oxygen Measured in 
Diminished Pressure (mm.). 



Time after Standing. 


Diminished Pressure in mm. 










26 


hours 


86 


49 


** 


123 


90 


" 


154 


114 


•* 


188 


138 


«< 


200 


160 


** 


220 


232 


«i 


269 
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Fig. 8. 
Insoluble Residue from Vermilion 
Fifn 7 County Coal — After Destructive 

Coke from Vermilion County Coal. Distillation. 




Fig. 9. 
Phenol Soluble Extract from Vermil- 
ion County Coal — After De- 
structive Distillation. 
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Fig. II. 
IxsoLUBLE Residue from Williamson 
Fig. io. County Coal — After Destruc- 

CoKE FROM Vermilion County Coal. jive Distillation. 




Fig. 12. 
Phknol Soluble H.xtract from Wil- 
liamson County Coal — After 
Destructive Distillation. 
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Fig. 13. 
Coke from Vermilion County Coal 
Without Prf-vious Heating 




Fig. 14. 

Same as in Fig. 13. 

Previously Heated 26 Hours at 105' 




Fig. 15. 

Same as in Fig. 13. 

Previously Heated 50 Hours at 105° 



Fig. 16. 

Same as in Fig. 13. 

Previously Heated 120 Hours at 105°. 
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Fig. 17. Fig. 18. 

CoKK FROM Williamson County Coal Same as in Fig. 17. 

Without Previous Heating. Previously Heated 26 Hours at 105**. 




Fig. 19. 

Same as in Fig. 17. 

Previously Heated 50 Hours at 

I05^ ' 




Fig. 20. 
Same as in Fig. 17. • 
Previously Heated 120 Hours at 105° 
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Fig, 21. 

^M Soluble Extract, Vrrmiliq^: 
:\T\' Coal. \o Prfmdus 
[Heating of Extract, 




Fig. 22. 

Same as in F*ig. 21. 

Previously Heated 50 Hours at 105" 



1.,$^. 



-.'H..." 

-•^""^I 




Fig. 24. 

Same as in Fig. 21. 

Previously Heated 216 Hours at 105**. 



Fig- 2J. 
Same as tn Fig. 21, 
;ly Heated 122 Hours at 105*. 
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Fig. 25. 
Coke from Insoluble Residue, Vermil- 
ion County Coal. No Previous 
Heating of Residue. 




Fig. 26. 

Same as in Fig. 25. 

Previously Heated 50 Hours at 105°. 




Fig. 27. 

Same as in Fig. 25. 

Previously Heated 122 Hours at 105° 



Fig. 28. 
Same as in Fig. 25. 
Previously Heated 216 Hours at 105*. 
Digitized by VJ\^^^V IK. 




Fig. 29. 
C)KE FROM Soluble Extract, William- 

^iv County Coal. No Previous 
*•»«»«««, Ieating of Extract. 




Fig. 30. 

Same as in Fig. 29. 

Previously Heated 90 Hours at 105° 



H 


^■'-K^^^^i 


■ 


H 




1 




mm 





Fig. 31. 
Same as in Fig. 29. 
Pkkviously Heated 24.'^ "'" — 
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Fig. 32. 
Coke from Insoluble Residue, Wil- 
liamson County Coal. No Pre- 
vious Heating of Residue. 



Fig. 33. 

Same as in Fig. 32. 

Previously Heated 90 Hours at ios** 




Fig. 34. 

Same as in Fig. 32. 

Previously Heated 242 Hours at 105" 
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For purposes of comparison of the absorption rates of extract and 
residue, tiie above results were plotted. Plotting time against dimin- 
ished pressure in millimeters, it is seen that the rate of absorption was 
faster in the case of the residue. 
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Fig. 6. 
Rate of Absorption of Oxygen by Residue and Extract. 

The results as given in Tables 12 and 13 show that oxygen was 

taken up by both the residue and extract. The amount of oxygen that 
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had been absorbed when the experiment was stopped was about 4.-5 
cc. in the case of the residue, and 2-2j4 cc. in the case of the extract. 
The experiment does not show absolutely that oxidation had taken 
place, but from our knowledge of coal we would be led to suspect that 
such was the case. At any rate it can be said that the coal was either 
oxidized or that it was holding the oxygen in an occluded state. Fur- 
ther experiments given below show that the reaction was one of oxi- 
dation. 

13. Volatile Matter Determination of Coal, Residue, and Extracts 
— Something of the relation of residue and extract to coking proper- 
ties has already been discussed. Further data as to the relative 
amounts of volatile matter in the two divisions were desired. 

The percentage of volatile matter and fixed carbon in the residue 
and extract from different coals was therefore determined and for 
purposes of comparison, volatile matter determinations were also made 
on the coals under examination. These results are shown in Table 14. 

The fuel ratio or the ratio of fixed carbon to volatile matter is 
also given in Table 14. The use of this ratio is advantageous for the 
reason that we have in it a method of comparison which does not 
readily appear from the percentages of fixed carbon and volatile mat- 
ter alone. 

Table 14. 

Showing the Percentage of Fixed Carbon and Volatile Matter: 
IN Coal, REsrouE, and Extract. 











Volatile 






Table 


Substance 


Fixed Carbon | 


Matter 


Fuel 


Ratio 


No. 




per 


cent 


per cent 






6 


Lincoln Coal 


49.27 


47.15 


41.99 

39.63 


1,173 






Residue 


1.190 




Extract ^ 




47.25 


52.39 




.902 


7 


New Kentucky Coal 


59.06 




34.93 


1.691 






Residue „ ^ 




57.90 
51.52 


34.51 
48.42 




1.678 




Extract 


1.064 


8 


Springfield Coal 


50.34 




44.48 


1.132 






Residue 




50.26 


41.90 




1.200 




Extract 


55.34 


47.61 


51.98 
36.78 


1.504 


.916 


10 


Carterville Coal 






Residue 




54.83 


34.77 




1.577 




Extract 




51.79 


48.10 




1.077 


9 


Montgomery Co. Coal.... 


46.02 




42.12 


1.093 






Residtie „ 




43.91 
48.82 


39.88 
50.45 




1.101 




Extract 


.968 


11 


Catlin Coal 


49.00 




47.70 


1.027 






Residue 




49.02 


46.01 




1.066 




Extract 




47.35 


52.30 




.90S 


14 


Pocahontas Coal 


69.82 


68.68 


16.80 

17.72 


4.156 






Residue 


3.876 



The fuel ratios of coal, residue, and extract 
in Table 15. Here the results appear in such 



are separately shown 
a form that the fuel 
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ratio of one coal can easily be compared with that of another. Like- 
wise, the fuel ratio of the residue and extract can be compared. 

The fuel ratios for the several extracts are uniformly lower than 
the ratios for the residues. It is to be remembered that a decrease in 
the ratio number denotes an increase in the relative amount of volatile 
constituent. The table is made to show in the last column the relation 
between the various samples, the fuel ratio for the residue being used 
in each case as the basis of reference. It is quite possible that when 
reduced to this basis some idea may be had as to the coking property 
of a coal. While more data would be required on which to base a 
conclusion, it may be said that the high percentage differences as 
shown in the table are consistent in representing the more pronounced 
coking property of the samples listed. 

Table 15. 
Showing the Fuel Ratio of Coal, Residue, and Extract. 



Table 
No. 



7 
10 

9 

6 
11 

8 



Description 



New Kentucky 

Cartenrille Nut .. 
Montgomery Co. 

Lincoln 

Catlin ., 

Springfield 



Coal 


Residue 


Extract 


C 


C 


C 


vol 


vol 


vol 


1.705 


1.678 


1.062 


1.504 


1.578 


1.077 


1.093 


1.101 


.968 


1.173 


1.190 


.902 


1.027 


1.066 


.904 


1.133 


1.200 


.916 



Percentage of decrease 

of ratio in extract 
over ratio for residue 
referred to residue 
as basis 

40.3 
38.3 
26.S 
32.2 
13.7 
24.1 



14. Ultimate Analysis of Coal, Residue, and Extract, — A differ- 
ence in the chemical constitution of the residue and extract would be 
expected, when we consider the marked differences in their physical 
properties. In order to find out if there was a difference in the chem- 
ical constitution of these two substances, ultimate analyses were made 
of extract, residue, and coal from a number of mines as follows : 

Table 16. 

Vermilion County Coal. 

Showing the Ultimate Analysis of Coal, Residue, and Extract. 



Substance 


Carbon 


Hydrogen 


Nitrogen 


Sulphur 


Ash 


Coal 


72.40 


5.35 


1.27 


2.72 


8.68 




72.36 


5.34 


1.16 






Residue 


69.16 
69.08 


4.92 
4.90 


1.29 


3.72 


13.03 


Extract 


81.14 
80.97 


5.88 
6.04 


1.24 


1.33 


.53 



These results were averaged and calculated to an ash free basis. 
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Table 17. 
Vermilion County Coal. 
Showing the Ultimate Analysis of Coal, Residue, and Extract 
ON AN Ash Free Basis. 



Substance 


Carbon 


Hydrogen 


Nitrogen 


Sulphur 


Oxygen 


Coal 

Residue 

Extract 


79.26 
79.48 
81.48 


5.86 
5.68 
5.99 


1.32 
1.48 
1.25 


2.97 
4.28 
1.34 


10.59 
9.12 
9.94 



The results of the ultimate analyses of Williamson County coal, 
residue, and extract are given in Table 18. 



Table 18. 
Showing the Ultimate Analysis of Coal, Residue, and Extract. 



Substance 


Carbon 


Hydrogen 


Nitrogen 


Sulphur 


Ash 


Coal 

Residue 

Extract 


74.58 
74.42 
72 46 
72:17 
82.69 
82.60 


4.72 
4.89 
4.70 
4.73 

5.54 
5.54 


1.63 
1.53 
1.73 


2.35 
2.52 
1.42 


7.85 

11.35 

.56 







These results were averaged and calculated to an ash free basis. 

Table 19. 

Williamson County Coal. 

Ultimate Constituents of Coal, Residue, and Extract 

Calculated to the Ash Free Basis. 



Substance 


Carbon 


Hydrogen 


Nitrogen 


Sulphur 


Oxygen 


Coal 

Residue 


80.85 
81 57 
83:11 


5.21 
5.32 
5.57 


1.77 
1.72 
1.74 


2.55 
2.84 
1.43 


9.62 
8.55 


Extract 


8.15 



On examining the results of the ultimate analysis, it will be seen 
that there was little difference in the proportion of the elements in the 
coal, residue, and extract. The percentage of carbon and hydrogen is 
slightly higher in the extract. However, because of the small varia- 
tion no special significance can be attached to this fact. 

The oxygen content was the chief point of interest to be consid- 
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ered in the analysis. Previous work with solvents such as pyridine^ 
and benzene^ indicated that the material dissolved from coal by these 
solvents contained a smaller proportion of oxygen. Professor Lewes* 
states that "degradation products of the original vegetation are to be 
found in the bitimiinous coals, the residual body and humus forming 
the basis, which is luted together by the hydrocarbons and resins, and 
the characteristics of the various kinds of coal are dependent upon the 
proportion in which the four groups of the conglomerate are present". 
Assuming that the hydrocarbons and resins were the more soluble in 
phenol and would be dissolved by the phenol, it would be only natural 
to conclude that the extract would be low in the amount of oxygen it 
contained. Furthermore, if the bodies low in oxygen were dissolved, 
the residue would on that account contain a larger percentage of 
oxygen. When we consider that all the errors of the analysis are 
combined in the oxygen value, it would be impossible to state from the 
results of the above analyses that there was any difference in the per- 
centage of oxygen in the extract from that of the residue. 

It is to be noted that the percentage of sulphur in the residue is 
high. This is to be accounted for by the fact that the residue con- 
tained practically all of the ash that was present in the coal. That 
there was some sulphur in the extract was taken to indicate that a part 
of the sulphur in the coal was present in the organic form. 

15. Thermal Decomposition of Residue and Extract. — The resi- 
due and extract were subjected to destructive distillation at 800° and 
the resulting gases analyzed. For purposes of comparison the coal was 
also treated in the same manner. The method for the destructive dis- 
tillation of the material may be briefly described in the following 
manner. 

One gram of the substance was placed in a hard glass test tube. 
Immediately above the substance was placed a short layer of asbestos 
which served the purpose of a tar scrubber and as a means of holding 
the extract in the lower part of the tube thus counteracting its ten- 
dency to foam. The tube was then connected by a rubber stopper, a 
glass stop cock, and a short piece of small rubber tubing to a 300 cc. 
gas holder which contained mercury. Previous to heating, the air 
was exhausted from the tube and from the connections by means of a 
filter pump. The test tube was then introduced into a gas furnace 
which had been previously heated to 800 **. 

The temperature was maintained between the temperature limits 



1. Qark and Whcclcr, J. of Chem. Soc, 103, 1709 (1913). 

2. Pictet and Ramseyer, Arch. sci. phys. nat., 34, 234 (Chem. Abstracts 7, 1496) (1913). 

3. ProgressiTe Age, 29, 1032 (1911). 
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of 780° and 810° throughout all of the experiments. The upper part 
of the test tube holding the rubber stopper was well insulated against 
the heat. As soon as the pressure in the tube was equal to the atmos- 
pheric pressure, the stop cock was opened and the gas collected. At the 
end of one hour the distillation was stopped. The gas was analyzed 
according to the usual procedure. 

The average of duplicate determinations gave the following re- 
sults for gases which were produced by the destructive distillation of 
Vermilion County coal, residue, and extract. 



Table 20. 

Showing the Composition of Gases Produced by Destructive 
Distillation of Coal, Residue, and Extract. 



Components of the Gas 


Vermilion Co. 


Retidtie 


Extract 


Carbon dioxide ^ „ - 

•Ethylene ^ 


18.1 

3.4 

.5 

20.6 

35.6 

17.4 

1.6 

2.8 


15.1 

3.5 

.9 

17.4 

39.2 

18.1 

1.5 

4.3 


12.9 
3.1 


Carbon monoxide ~~ « 


.1 
16.4 




47.8 


Methane » 

••Ethane 

Nitrogen ^ 


13.4 

2.8 

' 3.5 



Coal, from Williamson County, residue and extract were also de- 
structively distilled. The results of the analysis of the gas which was 
produced are given in Table 21. 

Table 21. 

Showing the Composition of Gases Produced by Destructive 
Distillation of Williamson County Coal. 



Components of the Gas 



Carbon dioxide .... 
•Ethylene 

Oxygen 

Carbon monoxide 

Hydrogen 

Methane 

•Ethane 

Nitrogen 



Coal 



7.1 

3.1 

.6 

12.8 

50.7 

17.3 

1.9 

6.5 



Residue 



6.9 

2.9 

.8 

16.5 

46.0 

20.5 

2.8 

3.6 



Extract 



7.2 

2.6 

.7 

11.8 

51.8 

18.2 

2.7 

5.0 



Including higher homologuei and benzene. 
Including higher homologuet calculated as ethane. 



Digitized by 



Google 



PARR-HADLEY — ^ANALYSIS OF COAL WITH PHENOL AS A SOLVENT 29 

The work of Clark and Wheeler^ on the extract and residue 
which was obtained by the extraction of coal with pyridine, showed a 
marked difference in the percentage composition of the gases which 
were produced by the destructive distillation of these substances. The 
methane and ethane in the gas from the extract were larger in amount 
than that obtained from the gas of the residue. 

From their results it may be supposed that similar results might 
be obtained by the destructive distillation of the residue and extract 
obtained by extraction of coal with phenol. The above results as indi- 
cated in Tables 20 and 21 do not show an increase in the amount of 
methane in the gas from the extract but instead there was a decrease 
in this constituent and an increase in the hydrogen content. 

It will be observed in Table 20 that the amount of carbon dioxide 
was high in all of the gases. This fact taken in conjunction with the 
fact that the Vermilion County coal had been in a finely ground condi- 
tion for some time suggested that oxidation had taken place. This 
led to a consideration of that problem which will be treated under a 
subsequent heading. 

The properties of the material which remained in the test tube 
after thermal decomposition, were very characteristic. 

The coal gave a good sound coke of shiny appearance. 
The residue gave a very poor coke. It could be easily broken and 
possessed a dull appearance. 

The extract gave a very light and friable material. It had a very 
smooth surface after the glass was broken away. The surface was 
much brighter than that of the coke produced from the coal. 

Photographs of the residues are shown in Figs. 7-12. Fig. 7 is 
of Vermilion County coal ; Fig. 8, residue ; and Fig. 9, extract. Fig. 10 
is of the Williamson County coal ; Fig. 1 1, residue ; and Fig. 12, extract. 
16. The Effect of Oxidation on the Volatile Matter Determina- 
tion. — From some of the previous work it became evident that oxida- 
tion was playing an important role in producing changes in the residue 
and extract. It is a well-known fact that when coal is exposed it 
gradually loses its coking properties, and that this is due to the absorp- 
tion of oxygen. It was desired to know if this was oxidation or sim- 
ple absorption of oxygen. The first experiments were made on the 
coal itself. It was desired to see what effect heating at 105* would 
have on the percentage of volatile matter. 

Coals from Vermilion County, and Williamson County were 
heated in air at 105® for different lengths of time and volatile matter 
determinations were made at successive stages of oxidation. The re- 
sults on these two coals are given in Table 22. 



1. J. Ch«n. Soc.. 103, 1710 (1913). 
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Table 22. 

Showing the Percentage of Volatile Matter in Coal After 

Continued Heating at 105°. 





Vermilion County Coal 


Williamson County Coal 


Time after 

Heating. 

Hours 


Volatile 
Matter 
in coal 


Difference 


Volatile 
Matter 
in coal 


Difference 



26 
50 

120 


44.36 
42.39 
41.78 
40.51 


0.00 
—1.97 
—2.58 
—3.85 


37.85 
39.22 
36.75 
35.91 


0.00 
+0.37 
—1.10 
—1.94 



These results show that the volatile matter decreased with pro- 
gressive heating. The plus result which was obtained in the case of 
the Williamson County coal was in all probability a variable in the 
volatile matter determination. From the results of these two coals the 
decrease in volatile matter was more rapid in the case of the coal which 
had the higher percentage. in the beginning. The material remaining 
in the crucible after the determinations indicated very plainly that the 
length of time of heating affected the coking properties as shown 
below. 

The Vermilion County coal gave a very poor coke after 120 hours' 
heating. Figs. 13 to 16 show the material after the volatile matter 
determination. Fig. 13, coal without heating; Fig. 14, after heating 
26 hours; Fig. 15, after heating 50 hours; Fig. 16, after heating 120 
hours. 

The Williamson County coal after heating 120 hours would not 
coke. Figs. 17 to 20 show the material after the volatile matter deter- 
mination. Fig. 17, coal without heating; Fig. 18, after heating 26 
hours ; Fig. 19, after heating 50 hours ; Fig. 20, after heating 120 hours. 

The study of the effect of oxidation on the amount of volatile 
matter was extended to the residue and extract. The residue and 
extract from the Vermilion County coal were heated for various lengths 
of time and volatile matter determinations made. The results are 
given in Table 23. 

Table 23. 

Showing the Percentage of Volatile Matter in the Residue and 

Extract after Heating at 105"*, Vermilion County. 



Time of 

Heating. 

Hours 


Volatile 

Matter 

in Residue 


Difference 


Volatile 

Matter 

in Extract 


Difference 




50 

122 

216 


43.53 
42.75 
61.08 
50.45 


0.00 
— 0.78 

-f 17.55 
-1- 7.92 


52.79 
52.22 
47.68 
48.23 


0.00 
—0.57 
—5.11 
—4.56 
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On exaunining these results it will be noted that the percentage 
of volatile matter in the extract decreased with the length of time of 
heating. It thus acted similarly to coal. On the other hand, the resi- 
due increased in the amount of volatile matter. This increase may be 
accounted for by the fact that during the volatile matter determination 
there was an excess of sparking. The material acted similarly to 
lignite coal when an attempt is made to coke a finely ground sample. 
There was evidence of considerable mechanical loss. The greater 
avidity of the residue for oxygen would also tend to increase the 
indicated amount of volatile matter by reason of the ultimate formation 
of CO2 from the oxygen absorbed. 

The material which remained after the volatile matter determina- 
tion was of special interest. Figs. 21 to 24 show the extract after the 
volatile matter determination; Fig. 21, extract without previous heat- 
ing; Fig. 22, after heating 50 hours; Fig. 23, after heating 122 hours; 
Fig. 24, after heating 216 hours. Heating the extract for 50 hours 
yields a more voluminous material by the volatile matter determination 
than is produced by the extract without heating. After heating 216 
hours the extract had lost all tendency to swell but it still retained a 
slight coking tendency, i. e., the material did not fail to pieces. 

Figs. 25 to 28 relate to the same source of material from Vermil- 
ion County, and show the material that remained after the volatile 
matter determination was made on the residue; Fig. 25 is the coke 
from residue without previous heating; Fig. 26, after heating 50 
hours; Fig. 2^, after heating 122 hours; Fig. 28, after heating 216 
hours. If a volatile matter determination is made on the residue pre- 
vious to heating a material is produced that will just adhere. After 
heating, the residue loses what little coking ability it originally pos- 
sessed. 

The residue and extract from Williamson County coal were also 
subjected to prolonged heating at 105°. The results are presented in 
Table 24. 

Table 24. 

Showing the Percentage of Volatile Matter in the Residue and 
Extract after Heating at 105°, Williamson County Coal. 



Time after 

Heating. 

Hours 


Volatile 

Matter 

in Residue 


Difference 


Volatile 

Matter 

in Extract 


Difference 




90 

242 


37.44 
56.40 
67.33 


0.00 
+ 18.96 
+ 29.89 


47.21 
44.19 
42.68 


0.00 
—3.02 
—4.53 
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A discussion of these results on Williamson County coal will not 
be taken up for they are identical in character with those obtained 
from the Vermilion County coal. 

Figs. 29 to 31 show the material which remained after the volatile 
matter determination of the extract from Williamson County coal- 
Fig. 29, extract without heating; Fig. 30, after heating 90 hours; Fig. 
31, after heating 242 hours. 

Figs. 32 to 34 show the material which remained after the volatile 
matter determination was made on the residue from Williamson 
County coal; Fig. 32, residue without heating; Fig. 33, after heatings 
90 hours ; Fig. 34, after heating 242 hours. 

Reviewing this phase of the study it is seen that Figs. 7 to 34 
inclusive, illustrate the effect of oxidation such as may occur upon 
simple exposure to the air at room temperature and at 165°, and for 
varying lengths of time. The temperature employed for the destruct- 
ive distillation was approximately 800°. Before applying this tem- 
perature the samples were subjected to a vacuum for the purpose of 
removing the surrounding oxygen as well as that which might have been 
occluded by the sample. The effect upon the insoluble residues of long- 
exposure to a temperature of 105** is hardly noticeable so far as modi- 
fying the coking property of that material is concerned, for the reason 
that this substance, even without exposure to oxidation, is practically 
devoid of any tendency to coke when highly heated. Quite the con- 
trary is true in the case of the soluble extract. Its tendency to coke 
and so to ultimately produce coke is marked, but after long exposure 
to oxidizing conditions this property is practically lost. This feature 
also characterizes the coal, the unseparated extractive material being- 
sufficiently pronounced in its behavior to govern the effect of oxidation 
on the unheated coal. 

17. The Effect of Oxidation on the Amount of Material Ex- 
tracted from Coal by Phenol — ^The further effect of oxidation was 
noticed in a number of different ways. For example, the amount of 
material which could be extracted from coal depended to a certain 
degree on the extent of oxidation. 

Williamson County coal was heated for five days at 105** in an 
atmosphere of oxygen. The amount of material extracted from this 
coal is shown in Table 25. 
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Table 25. 

Showing the Effect of Oxidation on the Amount of Residue 

AND Extract in Coal, Whxiamson County. 



Weii^t of residue.. 
Wei^ of extract.. 



Coal not 

preriotisly 

heated 



3.777 
1.484 



Coal heated 

before 
extracting 



4.102 
1.094 



Change 



+.325 
—.390 



A finely ground sample of Vermilion County coal was kept in a 
closed jar for four months. This coal was extracted with phenol and 
the amount of residue and extract determined. The coal was also 
heated at 105° for varying lengths of time in oxygen and subsequently 
extracted with phenol. The results of these experiments are shown 
m Table 26. 

Table 26. 

Showing the Effect of Oxidation on the Amount of Residue 

AND Extract in Coal. 



Condition of Coal 


Weight of 
Residue 


Increase in 

Weight of 

Residue 


Weight of 
Extract 


1^98 in 

Weight of 

Extract 


Pr«i. 

Sending 4 mo 

Hated 3 dayi 


3.236 
3.494 
3.821 
3.860 
3.802 
3.795 


D.OOO 
+ .258 
+ .585 
+ .624 
+ .566 
+ .559 


1.826 
1.601 
1.325 
1.259 
1.242 
1.353 


0.000 

— .225 

— .501 


Hated 6 day*. „ 

Hetted 10 daya. 

Heated 15 daya. .. .„ 


— .567 

— .584 

— .473 







From the results in Tables 25 and 26 it is seen that the oxidation 
of coal increases the amount of residue insoluble in phenol, and that 
the decreased solubility becomes very marked when the coal is com- 
pletely oxidized. Also it should be noted that in the sample of coal 
which was preserved in the sample bottle there was a decrease in the 
amount of soluble material. Thus the coal was being slowly oxidized 
although it was not directly exposed to the air. The fact that coal is 
so readily oxidized should be kept in mind in any work on coal and 
especially in work of the present nature 

18. The Effect of Oxidation on the Composition of the Gases 
Produced by Destructive Distillation, — During the work on the de- 
structive distillation of coal as noted on page 28 one gas was produced 
which was high in the amount of carbon dioxide. This result, when 
considered in connection with the fact that the sample of coal was not 
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fresh, and in the light of the preceding experiment, would indicate that 
oxidation had taken place. It was desired to see what effect oxidation 
of the extract and residue would produce in the composition of the 
gases when destructively distilled. In order to have a sample of coal 
which was not already partially oxidized, a fresh sample of Vermilion 
County coal was secured. The residue and extract from this coal 
were destructively distilled and the gases analyzed. The residue and 
extract were also heated at 105° for 24 hours and then destructively 
distilled. The results from the analyses are as follows : 

Table 27. 
Showing the Composition of Gases Produced by Destructive Dis- 
tillation OF Residue and Extract, Vermilion County Coal. 



Gas 


From Residue 

not 

oxidized 


From Residue 

oxidized by 

heating 


From Extract 

not 

oxidized 


From Extract 

oxidized by 

heating 


Carbon dioxide 

•Ethylene 


5.2 

4.8 

.3 

15.1 

44.1 

26.2 

3.6 

.7 


8.7 

15.2 

43.0 

24.0 

3.3 

.9 


6.8 

5.1 

.2 

11.9 

40.5 

24.0 

7.3 

A.2 


10.0 
4 2 


Oxygen 

Carbon monoxide 

Hydrogen 

Methane* 

••Ethane 

Nitrogen 


.4 

19.0 

44.8 

17.4 

3.2 

1.0 



The residue and extract from the old sample of Vermilion County 
coal were heated for 48 hours at 105° in the air. They were then 
destructively distilled and the gases analyzed. For purposes of com- 
parison some of the residue and extract which had not been heated 
were destructively distilled and the gases analyzed. The results are 
presented in Table 28. 

Table 28. 
Showing the Composition of Gases Produced by Destructive Dis- 
tillation OF Residue and Extract, Vermilion County Coal. 



Gas 


From Residue 

oxidized by 
standing only 


From Residue 

oxidized by 

heating 


From Extract 

oxidized by 

sUnding only 


From Extract 

oxidized by 

heating^ 


Carbon dioxide 

•Ethylene 


S.3 

5.2 

.9 

14.2 

39.8 

23.1 


14.4 

3.5 

.1 

18.5 

40.5 

20.4 

1.4 

1.2 


10.1 

4.0 

.4 

21.0 

40.8 

16.3 

2.8 

4.6 


' 12.4 
3.2 


0.xygen 

Carbon monoxide 

Hydrogen 

Methane 

••Ethane 

Nitrogen 


.3 

14.6 

50.0 

15.6 

2.5 

1.4 



• Including higher homologues and benzene. 
•• Including higher homologues calculated as ethane. 



Digitized by 



Google 



PARR-HADLEY ANALYSIS OF COAL WITH PHENOL AS A SOLVENT 35 

Extracts from the Vermilion County coal and also from William- 
son G)unty were heated for a much longer time and then destructively 
distilled. The extract from the Vermilion County coal was heated for 
216 hours at 105° and that from Williamson County for 264 hours. 
The results are given in Table 29. 



Table 29. 

Showing the Composition of Gases Produced by the Destructive 

Distillation of Extract. 



Gas 


From Vermilion County 
' Extract after being 
heated for 216 hours. 


From Williamson County. 

Extract after being 

heated for 264 hours. 


Carbon dioxide „ „ 

Ethylene „ 

Oxygen ^ 

Carbon monoxide 

SSr ":■••"::::_. .:::::..::: 

Ethane _ 

Nitrogen 


9.1 

3.7 

.3 

17.9 

44.2 

19.9 

3.1 

1.8 


7.9 

3.8 

.4 

16.1 

47.5 

20.9 

2.1 

1.3 



On examining the data in Tables 27 and 28 it is to be noted that 
the amount of carbon dioxide in the gas is higher after the material 
has been heated. Also, the percentage of carbon monoxide increased 
in every case except one. The fact that the percentage of methane and 
ethane in the gas from the material that had been heated was reduced 
in every case, should also be noted. The above results seem to indicate 
that the oxygen taken up during the heating at 110° was not held in an 
absorbed condition but that it had entered into chemical combination 
with the material. Furthermore the apparatus was exhausted to 15-20 
mm. before the destructive distillation was started, and when the tem- 
perature was raised, any oxygen which was merely occluded would be 
given off as oxygen before a temperature was reached at which active 
oxidation with the formation of CO 2 would take place. As a result of 
these experiments it may be stated that upon exposure to oxidizing 
conditions oxygen enters into chemical combination with both residue 
and extract. 

The results in Table 29 seem to show that the oxidation may reach 
a point of saturation so far as the ability of the molecular structure is 
concerned and that beyond this point, if the oxidizing conditions are 
continued, a dissipation of the oxygen compounds may occur, pre- 
sumably being discharged as HgO. However, further proof of this 
reaction after such long continued periods of heating should be made. 
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III. Summary and Conclusions. 
(i) A study of solvents for the purpose of subdividing coal con- 
stituents without decomposition was carried out. Phenol was adopted 
as the most active solvent for the purpose of this investigation. 

(2) An apparatus was devised for carrying out the extraction 
so that the temperature of the solvent would be above 110°. 

(3) The application of the method to different types of coal 
showed that coal varied widely in the amount of material dissolved by 
phenol. The amount of soluble material seemed to differentiate sharply 
between subdivisions of coal types. On the ash and moisture free 
basis the high volatile coals of Vermilion County give 35-40 per cent 
of soluble material ; the coals from Madison and Montgomery Counties 
give 30-35 per cent and the low volatile coals of Williamson County 
show 20-30 per cent of soluble material. 

(4) Extraction of coal leaves a residue which will not coke. The 
coking constituent of the coal is in the extract. 

(5) Residue and extract oxidize at room temperatures and more 
readily at 100°, the rate of oxidation being more rapid in the residue. 

(6) Residue and extract possess an avidity for water as well as 
oxygen at ordinary temperatures. The residue shows the greater avid- 
ity in both cases. 

(7) Volatile matter determinations show that the extract contains 
more volatile matter than the residue. 

(8) The ultimate analysis of the coal, residue, and extract shows 
that the percentage composition of carbon, hydrogen, nitrogen, and 
oxygen is substantially the same. 

(9) Destructive distillation of coal residue and extract gave gases 
of practically the same composition. 

(10) Oxidation of coal, residue, or extract produces a lowering 
in the percentage of volatile matter. 

(11) Oxidation decreases the amount of material which may be 
extracted from coal by phenol and the coking properties are decreased 
in proportion to the extent of the oxidation. 

(12) Oxidation of coal, residue, and extract is shown by an 
increase in the percentage of carbon dioxide in the gases produced by 
thermal decomposition. It is concluded, therefore, that the oxygen 
absorbed is chemically held. 

IV. Historical. 
Professor Bedson^ refers to work which was done by Dr. Smythc 
on coal at Gottingen in 185 1. This work was published in a report 

1. J. Soc. Chem. Ind., 27. 149 (1908). 
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printed for the Commissioners of the 185 1 Exhibition. A brown coal 
from Briihl, near Cologne, was used in the work. The following sol- 
vents were used in the extraction in the order named : benzene, chloro- 
forai, alcohol, ethyl ether, petroleum ether, and acetone. Benzene 
extracted 3 per cent of the coal, chloroform 1.8 per cent, and alcohol 
24 per cent. The other extracts were very small. Attempts were 
made to obtain pure substances from these extracts by the ordinary 
methods of purification used in organic chemistry. 

Reinsch^ in 1885 supposed that coal was composed of two sub- 
stances, which could be distinguished by their action towards alkaline 
solution. With an alkaline solution he was able to isolate substances 
which were very characteristic in not being attacked by mineral acids. 

Baker ^ in 190 1 examined the solvent action of pyridine on certain 
classes of coals. The extraction was carried out for 50 hours in a 
Soxhlet extractor. Anthracite coal from South Wales gave very little 
material soluble in pyridine. A bituminous coal from Durham was 
soluble in pyridine to the extent of 20.4 per cent. The pyridine ex- 
tracts were dark brown in color and showed fluorescence in some cases. 
An ultimate analysis did not show a concordant change in the propor- 
tions of elements present in the coal, residue, and extract. 

Andersen and Henderson' in 1902 extracted Bengal and Japan 
coal with pyridine. They selected samples from Boiaker (Bengal), 
Paronai and Yubari (Japan) and also, for comparison two Scotch 
coals: Linrigg Lower Dumgray and Bannockbum Main. They did 
not give the amounts which were dissolved. The pyridine extract, 
after the removal of the solvent, possessed a black lustrous appearance 
similar to bitumen. The extract from all of the coals was similar in 
character. Ultimate analyses of the extract were given and the results 
showed that there was little difference in the chemical constitution of 
the coals of Bengal and Japan, from those of Scotland. They stated 
that pyridine was the best solvent that had been used. The percentage 
of carbon, hydrogen, and nitrogen in the extract was about the same 
as that in the original coal. The coking properties of a poor coal 
could be entirely removed but that it was only partially removed in a 
strong coking coal. 

Professor Bedson* in 1908 worked upon the pyridine extract from 
certain gas coals. The coals varied from 22 to 33 per cent of pyridine 
extract. Also, four Cannel coals were extracted giving from 7 to 29 



1. Dtngl. Poly. J.. 256, 224. (Chem. Soc. A, 48, 876; 1885). 

2- Trans. North Engl. Insh Mining and Mcch. Eng., SO, [2], 23 (1901). (J. Soc. Chcm. 
Ind., 20, 789; 1901). 

3. J. Soc. Chcm. Ind., 21. 242 (1902). 

4. J. Soc. Chem. Ind., 27, 147 (1908). 
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per cent of extract. Bedson called attention to the fact that in the 
first six coals the percentage of volatile matter is not far removed 
from the percentage of pyridine extract. After commenting upon this 
fact he decided that it would be dangerous to base any definite con- 
clusions upon this fact alone. Although those coals were "gas'' coals 
and similar in character, frequently substances identical in chemical 
constitution, give marked differences in physical properties. So that 
in coal work any problem may not be considered from the purely sta- 
tistical standpoint alone. 

Through Bedson, Blair^ became interested in the proximate con- 
stituents of coal. Blair extracted coal from the Busley Seam of the 
Botley Colliery. After freeing the extract from pyridine, it was ex- 
tracted with solvents in the following order: petroleum ether, ethyl 
ether, absolute alcohol and chloroform. Only a scanty descrip- 
tion of these compounds was given. A complete account of the results 
was reserved for another communication. 

Professor Lewes^ in 1912, in a series of lectures on coal carboni- 
zation has reviewed some of the work upon the extraction of coal with 
pyridine. He himself had done some work but the results with the 
exception of one analysis were not given. He states that in all proba- 
bility the coking property of a poor coking coal can be entirely removed 
by pyridine and that such will not be the case with a strong coking coal, 
for the reason that in the latter case some of the resinic bodies resist 
the solvent action of pyridine. Lewes in his criticism of pyridine as a 
solvent, points out the following facts as objections to it. He has 
worked on some coals that gave a higher percentage of volatile matter 
after extraction than they did before. He gives some results of Ander- 
sen and Henderson and claims that they show the same property. How- 
ever, the results which he compared were not apparently considered 
by the authors as comparable. Professor Lewes states that the increase 
in volatile matter in the residue over the original volatile matter in the 
coal can only be taken to mean that pyridine has formed an additional 
product in some way. However, Clark and Wheeler, as well as Wahl» 
in work to be mentioned later, found that the residue did not increase 
as to the percentage of volatile matter. It was noted that in some 
cases when an ultimate analysis was made of the extract, the amount 
of nitrogen was greater than it was in the coal, in spite of the fact that 
the extract had been carefully washed free from pyridine. Further- 
more, the two most successful solvents, according to Lewes, were 
aniline and pyridine. — both organic bases. The same effect is produced 



1. T. Soc. Chem. Ind.. 27. 150 ri908). 

2. Progressive Age, 29, 1030 (1911). 
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Upon coal by these solvents as with NaOH, i. e., a non-coking residue 
remains. Sodium hydroxide is known to saponify resinic substances, 
and it is probable that pyridine and aniline form a compound with some 
of the resin, which is soluble in an excess of the solvent. Of course, 
this would be shown in the high nitrogen content of the extract. 

Lewes gives the following conclusions: "These considerations 
seem to make it clear that the resin constituents condition the coking 
of coal during destructive distillation, and that they are of at least two 
kinds — the one easily oxidizable, soluble in pyridine and saponifiable 
by alkalies, and which on weathering is oxidized into a humus body 
with the evolution of water and carbon dioxide, and is responsible for 
the heating of coal in storage; the other class non-oxidizable, not 
saponified by alkalies, and forming with pyridine a compound insoluble 
in excess of the reagent, and this class may be the hydrocarbons from 
<iecomposed resins, as the residue in which they are present yields rich 
liquid hydrocarbons, as tar and pitch, but not rich in gas". 

A. VVahl* in 191 2, extracted a number of coals with pyridine. 
Volatile matter determinations were made before and after the extrac- 
tion. The percentage of volatile matter in the coal was from 13 to 55 
per cent and after extraction, the volatile matter in the residue was 
slightly lower, in some cases as much as 5 per cent. The amount of 
material extracted was from 6 to 26 per cent. The coke which was 
produced from the residue was harder and more compact than that of 
the coal. The material dissolved by the pyridine was an amorphous 
hrown solid, which produced a voluminous coke. The ultimate analy- 
ses of coal and pyridine extract were given in some cases, but these 
showed scarcely any difference in composition. 

In 1912, Frazer and Hoffman* published a paper on "The Con- 
stituents of Coal Soluble in Phenol". They tried the effect of a num- 
her of reagents and organic solvents on coal and found that pyridine, 
aniline and phenol removed the largest amount of soluble material. 
The published report was concerned with those constituents of coal solu- 
ble in phenol. Illinois coal from Franklin County was used in the 
extraction. The amount extracted was 10.87 per cent, calculated on 
a moisture and ash free basis. After freeing the extract from phenol 
by distillation an analysis gave ash 2.16 per cent. In the light of the 
present investigation this amount of ash in the extract seems to be 
abnormally high. By the use of sodium hydroxide and organic solv- 
•ents such as ether, acetic acid, methyl alcohol, acetone, benzene and 
petroleum ether, they were able to separate the extract into certain 



1. Comtcs rend., 154, 1094 (1912). 

2. Technical Paper 5, Bureau of Mines. 
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portions, which when distilled in vacuo, gave varying physical prop- 
erties. Analyses of these substances were made. The authors con- 
cluded that in the absence of evidence to the contrary coal substance 
soluble in phenol was present as such in the coal itself. They also 
believed that some of the substances isolated were approximately pure 
compounds, but this could not be proven absolutely on account of the 
small amount of material which they had at their disposal. They 
intend to follow the investigation using pyridine as a solvent. 

Pictet and Ramseyer,^ in 191 3, extracted large quantities of 
washed coal from Montrambert (Loire) with benzene. From 248 
kg. coal, almost 244 grams of almost black, quite fluid oil were obtained. 
They distilled this at various temperatures and pressures and worked 
on the diiferent fractions. From their studies they think that coal con- 
tains among other constituents polymerized hydroaromatic hydrocar- 
bons. 

In 1913, Clark and Wheeler^ in a paper on the "Volatile Constitu- 
ents of Coal" described some of their work on the extraction of coal 
with phenol. They contend that coal is composed of two different 
types of bodies, which possess different degrees of ease of decomposi- 
tion. They called the two constituents, the "hydrogen-yielding" and 
the "paraffin-yielding", respectively. However, they did not mean to 
say that above a certain temperature, one type of body decomposes 
and that below that temperature it will not decompose. From their 
experiments on coal they concluded that because of an increase in the 
amount of hydrogen evolved between 750° and 800°, that there was a 
hydrogen-yielding constituent in coal. They did not mean to designate 
by a hydrogen-yielding constituent one which gave all hydrogen, or by 
a paraffin-yielding constituent one that gave all paraffin, but one which 
gave a predominance of hydrogen or paraffin. It was also shown by 
them that the temperature of the destructive distillation influenced to 
a large extent the kind of gas given off. Clark and Wheeler extracted 
coal with pyridine and then the pyridine extract was itself extracted 
with chloroform. It was noted from the ultimate analysis that the 
increase in the amount of nitrogen in the residue and extract was 2.7S 
per cent, showing that nitrogen was being added from some source. 
Data were given for the analysis of gases which were produced by the 
destructive distillation of the pyridine extract, pyridine residue, chlo- 
roform extract and chloroform residue, and for dehydrated cellulose. 
The gas which was produced from the pyridine extract contained a 
larger amount of methane than the gas from the residue. The results 



1. Arch. 8ci. phys. nat.. 34, 234 (Chcm. Abs. 7, 1496; 1913). 

2. J. Chcm. Soc. 103. 1704 (1913). 
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in the case of the present investigation did not show this difference. 
From the results obtained they did not hesitate to identify the pyridine 
residue as a degradation product of cellulose but they were doubtful 
if all of the pyridine extract was resinous in character. However, by 
extracting the pyridine soluble material with chloroform, they thought 
they were able to get out material consisting almost entirely of resinous 
matter. Detailed methods of extraction and of destructive distillation 
were given. 
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THE Engineering Ezpemneni Station was established bj act of the 
Boarji of Trustees, December 8, 1903. It is tiie purpose of the 
Station to cany on investigations along varlons lines of engineer- 
ing and to sta^ problems of importance to professional engineers and 
to the manufacturing, railway, mining, constructional, and indtistrial 
interests of the State. 

The control of the Engineerii^ Experim^t Station is vested in ihe 
heads of the several departments of the CoU^ of Engineering. These 
constitute the Station Staff and, with the Director, determine the diar- 
acter of the investigations to be undertaken. The work is carried on 
under the supervision of the Staff, sometimes by research fellows as 
graduate work, sometimes by members of the instructional staff of the 
College of Engineering, but more frequentiy by investigators bdonging 
to the Station corps. 

The results of these Investigations are published in the form of 
bulletins, which record mostiy the experiments ct the Station's own staff 
of investigators! There will also be issued from time to time in the 
form of circulars, compilations ^ving the results of tiie ezpariments of 
engineers, industrial works, technical institutions, and governmental 
testing departments. 

The volume and number at the top of the title page of the cover 
are merely arbitrary numbers and refer to the general publications of 
tiie tTniversity of Illinois ; either above the title Or below the eeal tt given 
the number of the Engineering Experiment Station bulletin or circulaf 
which ehould ie used in referring to these publieaHone. 

Por copies of bulletins, circulars, « or otiier information address the 
Engineering Experiment Station, Frbana, Illinois.. 
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A STUDY OF BOILER LOSSES. 
I. Introduction. 

1. Purpose of the Tests. — The experiments herein described were 
undertaken to determine the conditions prerequisite for the continuous 
operation of the boilers in the new power plant at the University of 
Illinois, and to permit a detailed study of the boiler and furnace losses 
under varying conditions of load, depth of fuel bed, and draft. It was 
hoped that an analysis of the data obtained might render it possible 
to isolate and determine the amount of the several losses in the boiler, 
furnace, and setting, thus indicating where improvements could be made 
in order to increase the over-all operating eflBciency. 

No attempt was made to obtain record tests and in every case 
ordinary operating conditions prevailed, with the exception of the 
maintenance of approximately constant load on the boiler under test, 
The boiler was operated as one of a battery of two boilers which deliv- 
ered steam directly into the mains connected with the old plant. The 
pressure maintained was thus governed by conditions prevailing in the 
system as a whole. 

While a majority of the trials were made with fresh coal from the 
Mission Field Mine No. 3, at Danville, Illinois, a series was also made 
using weathered coals from mines in Sangamon, Williamson, and Ver- 
milion counties, to permit a comparison with the tests previously made, 
and, if possible, to determine the effect of weathering upon the steaming 
qualities of the coal. 

2. Acknowledgments. — The experiments described in this bulletin 
were undertaken with the approval of C. R. Richards, Professor of 
^fechanical Engineering and Acting Dean of the College of Engineer- 
ing and Acting Director of the Engineering Experiment Station of the 
University of Illinois, and were carried out under his supervision. To 
him the writer is indebted for many valuable suggestions and also for 
his assistance in criticizing and revising the manuscript. Acknowledg- 
ment is also due to Mr. H. F. Geist for his assistance in running the 
tests and computing the results, and to Mr. W. E. Alley for his help in 
installing and maintaining the apparatus and running the tests. 
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4 ILLINOIS BKOINBSBIKQ BXPSRIMBNT STATION 

II. The Plant. 

3. Boilers. — The boiler on which these tests were run is one of a 
battery of two Babcock and Wilcox boilers in the new power plant of 
the Uniyersity of Illinois. It is designated as boiler No. 1. The second 
unit of the battery is placed between boiler No. 1 and the chimney. The 
battery, as a whole, has 10,160 sq. ft. of heating surface, equally dis- 
tributed between the two boilers, and is designed to carry a working 
pressure of 160 lb. per sq. in. Each boiler has two 42 in. by 20.38 ft. 
drums, and 18 sections of 4-in. tubes 18 ft. long, each section containing 
14 tubes. They are set so that the distance from the floor to the first 
row of tubes is 8^^ ft. at the front end. 

A cross section through the plant is shown in Fig. 1 and a view 
of the boiler fronts in Pig. 2. From Fig. 1 it may be seen that a style 
of baffling different from the standard Babcock and Wilcox type is in 
use. This construction provides a tile roof over the furnace and makes 
the attainment of a long combustion chamber possible. 

The first pass for the gases is thus at the rear of the setting and 




Fig. 1. Section Through Power Plant. 
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FiGw 2. BOILKS FttONTS. 
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6 ILLINOIS ENGINEERING EXPEBIHENT STATION 

they are discharged into a breeching at the front instead of at the back 
of the boiler^ as in the standard type. 

4. Stokers. — ^The stokers are of the chain grate type, having an 
active ^ate surface of 90 sq. ft, and were built by the Green Engineer- 
ing Company. At the time these tests were made, each stoker had a flat 
fire arch 6 ft. long, set 10 in. above the grates at the front end and 18^ 
in. at the back. This arch has since been changed so that at the present 
time it is 15 in. above the grates at the front and 33 in. at the back. 

The draft is produced by means of a brick chimney, 175 ft. liigh^ 
having an internal diameter of 10 ft. This was designed with the 
expectation that it was to serve an additional battery similar to the 
one under discussion, but at the time the tests were run the second 
battery had not been installed. 

The feed water is delivered by means of two 14 in. by 8^^ in. by 
12 in. American steam pumps, the feed mains being arranged so that 
either pump can feed both boilers as a unit, or so that each can feed 
its corresponding boiler independently. The feed water consists of con- 
densed steam from the heating system, with a small quantity of "make- 
up" water, supplied principally through tlie water backs of the stokers. 
The water is heated by means of a Webster "Star- Vacuum" heater before 
it reaches the pmnp. 

5. Oeneral Dimensions, — The following is a table of the principal 
dimensions. 

Number of steam drums 2 

Length of steam drums, feet 20.33 

Diameter of drums, inches 42 

Number of tubes 252 

Outside diameter of tubes, inches 4 

Inside diameter of tubes, inches 3.75 

Mean length of tubes exposed to gases, feet 18 

Width of grate, feet 9.46 

Effective length of grate, feet 9.50 

Area of grate surface, square feet 90 

Area of air space in grate, square feet 19.6 

Ratio of air space to grate area 0.218 

Height of ignition arch at front, inches 10 

Height of ignition arch at back, inches 18.5 

Ijength of ignition arch, feet 6 

Height of chimney above grate, feet 176 
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KBATZ— A STUDY OF BOILBB LOSSES 7 

SectionBl area of chiiimey at top> square feet 78.5 

Hei^t of gas passage over bridge wall^ inches 33 

Area of gas passage over bridge wall, square feet 26.8 

MrniimiTn area through 1st pass^ square feet 27.7 

MiniTnTiTn area through 2nd pass, square feet 18.1 

Area between front baf9e and tile on lower tubes, square feet. . . 23.2 

Minimum area through 3rd pass, square feet 19.0 

Total effective area of openings into breeching, square feet. . . . 16.2 

Total water heating surface, square feet 5120 

Batio of water heating surface to grate surface 57.0 

III. Methods op Conducting Tests. 

With a few modifications, the methods employed in these experiments 
were those set forth in the A. S. M. E. code for conducting boiler trials. 

6. Starting and Stopping. — As previously stated, the boiler tested 
forms part of the plant equipment, and as such was in continuous opera- 
tion. Before starting each test, however, the gates were set for the 
predetermined thickness of fire, and the boiler operated for a period 
of from 1^ to 2 hours, carrying the load decided upon for that test 
The coal bunker supplying the boiler under test was kept filled with 
Mission Field coal during the entire period over which tests were being 
made^ thus obviating the necessity for emptying it before each run. 
In the case of the weathered coal, however, the fuel was piled on the 
Aoor of the boiler room and before starting the test the coal hopper on 
the stoker was allowed to empty. It was then filled with the fuel under 
test and the grates run until they were completely covered with the new 
fueL This took from 45 minutes to one hour. It may, therefore, be 
seen that at the start of eadi test the grates were covered with the 
required fuel and the boiler had been running under the predetermined 
conditions of load and thickness of fuel bed for from 1^ to 2 hours. 

On starting a trial the condition of the fuel bed was observed and 
recorded and an effort was made to have this condition duplicated at the 
close of the test. The start was made with the ash pit and drip pan clean 
and the fuel in the hopper just level with th6 top. The test was closed 
under the same conditions. 

The condition of the fuel bed was maintained as nearly uniform 
as possible throughout a test and no adjustment was necessary at the 
end. 
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8 ILLINOIS ENGINEERINQ EXPSRIMSKT STATION 

7. Coal. — A small steel car resting on platform scales was used to 
weigh the coal. From this cur it was shoveled into the hopper. The 
tests were started with a full car of coal on the scales, the drip pan and 
ash pit clean and with the fuel in the hopper just level with the top. 
At the end of each hour the drip pan and ash pit were again cleaned, the 
hopper leveled, and the coal remaining in the car weighed. Thus the 
coal fed to the grates was the total of the coal weighed during the 
hour minus that remaining on the scales at the end. 

Before weighing a car of coal two samples were taken from it and 
placed in tight cans. At the end of the test one sample was quartered 
down in the usual manner to a weight of about 3,000 grams, placed in 
a shallow pan, weighed on a Troemen balance and set on top of the 
boiler to dry. After drjing it was weighed a second time to determine 
the moisture loss, then quartered down to fill a quart jar and sent to 
the chemist for analysis. Proximate analyses were made on all of the 
samples. Ultimate analyses also were made on four samples of the 
Mission Field coal from the average of which ultimate analyses were 
calculated for the rest of the samples by making use of the individual 
proximate analyses. In the case of the weathered coal, however, ultimate 
analyses were necessarily made from each sample. 

The second sample referred to above was spread out and allowed 
to dry, after which it was weighed and screened. The remainder was 
then weighed a second time and from the two weighings the percentage 
of dust was calculated. The screen used had ^-in. round openings 
and what passed through it has been designated as ^^dust.^ 

8. Ash. — The "ash and refuse" was raked from the pit into wheel- 
barrows and weighed on platform scales. A sample was taken from 
each load and placed in a tight can. At the end of the test this was 
quartered down until it could be contained in a quart jar and was then 
sent to the chemist for analysis. This analysis was used in determining 
the carbon loss in the ash. Analyses of both coal and ash were made in 
the Chemical Laboratory at the University of Illinois. 

9. Water. — The feed water was measured by means of two cylin- 
drical tanks about 4 ft. in diameter and of 4,600 lb. capacity. These tanks, 
as shown in Fig. 3, had conical heads tapering to the size of a standard 
6-inch nipple and were emptied through quick opening valves at the 
bottom. By this arrangement the error in filling was reduced to a 
minimum. They were calibrated at about 166** F., the calibration in- 
cluding all of the volume from the valve to the top of the nipple on 
the upper head. Making use of these data, a curve was calculated, taking 
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Fig. 3. Feed Water Tanks. 

into account the change in volume of the tank as well as the change 
in density of the water, from which the weight of water contained in the 
tank could be determined when its temperature was known. The 
temperature was then taken just before emptying a tank. 

The measuring tanks emptied into a rectangular feed-tank 40 in. 
deep and of about 8,600 lb. capacity, from which the water gravitated to 
the feed pump supplying the boiler under test. This tank was also cali- 
brated and a curve plotted giving the weight of water per inch of depth 
at any given temperature. The height of water in the tank was shown 
by a pointer which was attached to a float and moved over a scale having 
0.25-in. divisions. 

The boiler itself was calibrated and a family of curves plotted such 
that when the height of water in the gage glass and the pressure were 
known the total weight of water in the boiler could at once be determined. 

Both boilers were fed by a single main, the two feed pumps dis- 
charging into it at points within about 3 feet of each other. Two 
valves were inserted in the main between the points where the pumps 
discharged and a bleeder was placed between the valves. Since the 
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bleeder was always open during a test any leakage through either Talve 
could be detected immediately. In this way the two parts of the main 
were completely isolated from each other and one pump could be used 
to deliver the water from the weighing tanks to the boiler under test, 
while the other was being used to feed the remaining boiler and to 
deliver water from the heater to the weighing tanks. 

In the installation under discussion the water-back formed a cir- 
culating system entirely separate from the boiler, the water passing 
through it being measured by means of a calibrated meter and afterwards 
discharged into the feed water heater. It is not unusual for the water- 
back to be connected into the boiler in such a way as to form a dosed 
system and to utilize the natural circulation taking place in the latter 
in which case it forms part of the heating surface the same as one of 
the tubes. If the water-back is disconnected from the boiler and a 
positive means of circulation adopted, the circulating water being taken 
from the feed water and returned to it subsequent to taking the weight 
and the temperature of the latter, the result is essentially the same as 
though the closed system had been used, and no account need be taken 
of the water thus circulated. In the present case, however, the tempera- 
ture was taken close to the boiler and after the circulating water had 
gone into the feed water. The water-back has, therefore, been consid- 
ered as part of the heating surface of the boiler and the heat absorbed 
by the circulating water has been reduced to terms of equivalent water 
evaporated and added to the boiler output as discussed under feed water 
corrections in the Appendix. 

10. Flue Oas. — Flue gas samples were collected over half-hour 
periods. One sample was taken at the breeching about 2 ft. below flie 
dampers and a second one at a point about 8 in. behind and below the 
end of the tile roof of the combustion chamber. This point was about 
34 in. back of the bridge wall at the point where the gases turned to go 
up through the first pass. It was close enough to the furnace so that 
no air leakage chargeable to the boiler setting had as yet occurred, and 
far enough back so that combustion was complete, as may be seen from 
a comparison of the CO in the gas there and at the dampers. 

The sampler used in the breeching is shown in Fig. 4 and the breech- 
ing itself in Fig. 5. In the latter it may be seen that the boiler had 
3 nozzles opening from the last pass into the breeching with a damper 
in each one, the dampers being operated simultaneously from one control 
rod. A set of sample tubes cross connected as shown in Fig. 4 extended 
into each one of these passages. The two gate valves shown at A and B 
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Fig. 5. Section Through Breeching. 

made it possible to obtain a sample from either boiler. Before starting 
the tests the valve at B was closed and the whole apparatus tested for 
leaks by means of compressed air. The valve B then remained closed 
during the period over which tests were run. In order to keep the 
small holes open the tubes were blown occasionally with compressed air. 
The system was tested frequently to see that it did not leak. A 
continuous flow of gas was maintained through the pipe C by means 
of a small laboratory aspirator placed near the floor lin^. The sample 
bottle was attached at a tee near this point and any back flow of gas 
from the bottle was prevented by placing a small mercury trap (F) 
in the line between the latter and the tee. 

The sampler used for the furnace gases is shown in Fig. 6. This 
consisted of a 2^-in. pipe extending in to the center of the furnace. 
Five small tubes were brazed into the pipe and water was kept flowing 
through the apparatus in order to prevent it becoming hot enough to 
react on the gas. It was assumed that the composition of the gas varied 
the same either side of the center toward the furnace walls and also 
that it was fairly well mixed by turning the comer at the point where 
the sample was taken. While this does not insure a strictly average 
sample, it is, however, believed to be within the limits of accuracy of 
the rest of the observation in boiler trials. 

The gas samples were taken in one liter flasks as indicated in Fig. 4. 
Before being attached the latter were filled with water and inverted. 
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Fig. 6. Gas Sampling Apparatus for Furnace. 

They were then allowed to empty under a head of about 3 ft., the rate 
of drawing the sample being regulated by means of a glass stop cock in 
tube D so that as nearly uniform flow as possible was maintained over 
the half-hour periods. A bottle of water was placed at E, between the 
sampler and aspirator, and all of the gas was drawn through it, thus 
keeping a supply of gas-saturated water for use in the flasks. 

11. Quality of Steam. — ^The quality of steam was taken by means 
of a &rottling calorimeter and the steam pressure was taken by a cali- 
brated gage at this point 

12. TempercUwe. — Calibrated mercury thermometers were used 
for taking all temperatures, with the exception of that of the gas leaving 
the boiler. The latter was taken at points about 2 ft. below the dampers 
by means of 3 copper-constantan thermo-couples and a Siemens-Halske 
millivoltmeter. These were calibrated with the cold junctions at 100 
degrees P. This temperature was read during each test and a correction 
tpplied in case it was not 100® P., the correction in no case being larger 
than about 6** P. The couples were calibrated before the tests and 
were then left in place for the rest of the series, a period of about 3 
months. On being re-calibrated at the end of this time the new points . 
fell on the curve of tlie previous calibration. It is, therefore, believed 
that the accuracy of the apparatus is within 5** P. 

13. Drafts, — ^Drafts were taken at the points indicated in Pig. 1 
by means of Ellison differential gages. The draft at (6) was taken 
at a point about 2 ft below the center damper. 

14. Observation Periods, etc. — ^All readings of pressure, tempera- 
tnre, drafts, etc., were taken at 16-minute intervals. The tests were of 
wflfcient length to give a total coal consumption of 260 lb. per sq. ft. 
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of grate snrf ace, with the exception of the weathered coal tests, which 
were necessarily limited by the amount of the samples. The heat 
balance shows a normal imaccounted-for loss for the latter, howeyer, 
and it is believed that the accuracy has not suffered materially on this 
account 

rv. Discussion of Besults. 

The general results of the tests are shown in Tables 1 to 16. The 
items in these tables are in accordance with the Boiler Test Code of 

Table 1. 
General Conditions. 









ThkknMi 


Pressure. Lb. Per Sq. In. 


Indies of Water 


Tett 


Date 


Duration. 


of 












Number 


Hours 


Pud Bed. 
Inches 


Baro- 
metric 


Steam 
(Gage) 


(Abs.) 


Between 
Damper 
•ad Boiler 


At End 

of 
SrdPass 


Col. No. 


2 


3 


4 


5 


6 


7 


8 


9 


• a 


1 


2 


81 




11 




12 




t b 


2 


3 




6 


8 


9 


10 


a 


1 


11-11-'13 


13.0 


8.0 


14.4 


128.2 


142.6 


0.091 


0.134 


2 


11-18-*13 


13.0 


7.0 


14.3 


132.0 


146.3 


0.053 


0.102 


3 


11-13-*13 


13.0 


8.0 


14.4 


131 4 


1458 


0.077 


0.118 


4 


11-20-13 


13.0 


10.0 


14.3 


133.0 


147.3 


0.263 


0.310 


6 


ll-25-'13 


9.0 


80 


14.4 


120.4 


143.8 


0.379 


0.433 


« 


ll-2»-*13 


9.0 


7.0 


14.4 


137.9 


162.3 


0.254 


0.107 


7 


12- a-'13 


9.0 


8.0 


14.6 


132.5 


147.0 


0.868 


0.897 


8 


12- 9-'13 


9.0 


9.3 


14.6 


1320 


146.5 


1.088 


1.066 





12- 4-'13 


9.0 


9.8 


14.4 


135.1 


149.6 


0.726 


0.767 


10 


12- 5-'13 


9.0 


6.0 


14.3 


138.1 


152.4 


0.522 


0.668 


n 


12-12-'13 


9.0 


6.0 


14.6 


134.2 


148.7 


0.984 


1.011 


12 


12-13-'13 


9.0 


7.0 


14.6 


138.7 


163.2 


1.124 


1.138 


13 


12- 6-'13 


9.0 


7.0 


14.2 


136.3 


160.5 


0.500 


0.540 


14 


12- 8-'13 


9.0 


8.0 


14.6 


131.4 


146.0 


0.591 


0.637 


16 


12-1«-'13 


9.0 


9.4 


14.4 


131.4 


145.8 


1.126 


i.ir 


16 


12-19-'13 


9.0 


6.0 


14.3 


138.3 


152.6 


1.090 


l.ON 


17 


12-18-n3 


9.0 


7.0 


14.4 


133.9 


148.3 


1.147 


1.158 


18 


12-lfr-'13 


9.0 


8.0 


14.6 


136.2 


149.7 


1.189 


1.149 


19 


l-2»-*14 


7.0 


7.0 


14.4 


141.0 


155.4 


1.124 


1.160 


20 


12-80-'13 


5.5 


7.0 


14 4 


132.7 


147.1 


1.090 


1.108 


21 


1- 2-'14 


3.5 


8.5 


14.2 


138.0 


152.2 


1.048 


1.110 


22 


l-ia-'14 


4.5 


7.0 


14.4 


134.0 


148.4 


1.250 


1.340 


23 


1- 8-'14 


8.0 


7.0 


14.3 


184.7 


149.0 


1.055 


1.169 


24 


1- fr-'14 


• 


7.0 


14.6 


133.0 


147.5 


1.225 


1.906 



• (a) Numbers correspond to the A. S. M. E. Code. 

t (b) Numbers correspond to Calculating Code given in Appendix. 



the American Society of Mechanical Engineers^ with the exception that 
some items have been added. These consist of three efficiencies, vis.: 
The efficiency of furnace and grate, the efficiency of the furnace, and 
the efficiency of the boiler exclusive of furnace and grate, and also some 
items referring to gas analysis at the furnace and to weights of air and 
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gas per lb. of coal. The heat balance has also been considerably ex- 
tended and is based on 1 lb. of dry coal fired instead of on combustible. 

The efficiencies given in the A. S. M. E. code are the over-all efficien- 
cies for the boiler and furnace together and do not afford a means ot 
detennining whether a loss in efficiency of the unit is due to poor 
furnace construction or conditions or to dirty tubes or faults in the 

Table 2. 
General Conditions (Continued). 





Draft. Inches of Water 


Temperattue, Degrees Pahrenheit 


Tett 
MiBbar 


Between 

IstftSnd 

Pa» 


AtBnd 
of Corn- 
bastion 


Over 

Fire 

in 


In 
Ash 
Pit 


Otttnde 
Air 


Pire 
Room 


Steam 


Peed 

Water 

at 


^ 




Chamber 


Pomace 








Boiler 




CoLNa 


10 


11 


12 


13 


14 


15 


16 


17 


18 


a 






18 


14 


15 


16 


17 


20 


21 


b 


12 


18 


14 


15 


16 


17 


18 


19 


21 


1 


0.045 




0.068 


0.002 


86.0 


74.0 


354.5 


187.3 


451.0 


3 


0.030 


d!079 


0.072 


0.001 


64.8 


78.1 


356.5 


123.2 


445.7 


S 


0.048 


0.117 


0.106 


0.004 


58.8 


73.9 


356.1 


127.3 


435.3 


4 


0.168 


0.217 


0.184 


0.009 


69.6 


83.5 


857.0 


114.0 


460.7 


5 


O.306 


0.219 


0.171 


0.082 


48.8 


78.6 


355.2 


128.8 


551.0 


6 


0.141 


0.179 


0.149 


0.015 


59.9 


79.8 


359.7 


125.2 


515.0 


7 


0.347 


0.274 


0.232 


0.006 


53.8 


70.7 


356.9 


128.8 


532.3 


S 


0.731 


0.664 


0.549 


0.047 


84.9 


83.1 


356.6 


146.5 


573.7 


9 


049ft 


0.449 


0.889 


0.039 


51.2 


74.5 


358.2 


125.9 


555.0 


10 


0.330 


0.289 


0.200 


0.042 


52.3 


73.1 


359.7 


126.4 


506.6 


11 


0.681 


0.524 


0.830 


0.051 


47.7 


84.1 


357.8 


136 5 


638.3 


IS 


0.748 


0.666 


0.421 


0.063 


47.9 


79.1 


360.1 


138.8 


644.4 


u 


0.820 


0.290 


0.227 


0.023 


54.3 


77.8 


358.8 


126.0 


544.8 


14 


0.404 


0.891 


0.327 


0.015 


26.5 


71.4 


356.8 


130.4 


557.5 


1ft 


0.818 


0.748 


0.540 


0.030 


40.4 


78.7 


356.2 


142.5 


563.5 


1ft 


0.713 


0.594 


0.320 


0.078 


87.3 


76.2 


359.8 


154.0 


612.5 


17 


0.779 


0.667 


0.364 


0.043 


373 


78.2 


357.6 


147.7 


620.3 


IS 


0.778 


0.666 


0.416 


0.041 


39.6 


84.2 


358.3 


140.5 


616.4 


1ft 


0.746 


0.546 


0.375 


0.017 


45.7 


70.1 


361.2 


147.0 


632.8 


» 


0.634 


0.587 


0.416 


0.108 


32.6 


770 


357.0 


154.3 


602.0 


21 


0.664 


0.590 


0.467 


0.065 


34.7 


72.6 


359.6 


144.4 


613.8 


23 


0.738 


0.587 


0.482 


0.070 


23.4 


77.0 


357 6 


166.9 


618.3 


23 


0.709 


0.649 


0.540 


0.099 


34.3 


63.1 


857.9 


142.1 


597.0 


24 


0.716 


0.572 


0.441 


0.089 


30.3 


77.6 


857.1 


149.4 


621.0 



boiler itself. It was for this reason that the e£Bciencies indicated above 
were added and that the heat balance was extended and divided so as 
to separate from one another the losses chargeable to boiler and furnace 
alone. In order to do this it was necessary to obtain an analysis of gas 
at the furnace and to include some items on weights of air and gas. 
A discussion of all these items may be found in the Appendix. 

15. Fuel. — ^The fuel used on tests 1 to 18 inclusive was Vermilion 
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County flcreeDings from Mission Field Mine No. 3. The coal was of 
the same quality as that used for the nonnal operation of the plant 
and was all obtained from the same mine with the expectation that 
the ash and dust content would not Tary much. So far as tiie ash waa 
concerned this expectation was fairly well fulfilled but the dust raried 
considerably. 

The fuel used on tests 20 to 24 indusiTC was weathered coal. This 



Tables. 
Coal and Ash. 











Amount 


Te«t 
Ntamber 


Kmd of Pod 






Passing 


(District from 


Condition of Pud 


Commercia] Sixe 


aK-cn. 








Scnen 










Percent 


Col. No. 


19 


20 


21 


n 


a 




n 


» 




b 










, 


Minion Field 


Fresh 


SCTfiSUiibJ^S 


u.o 


2 














14.8 


3 














40.0 


4 














18.0 


5 














17.8 


6 














18.8 


7 














MS 


8 














105 


9 














1S.7 


10 














10.8 


11 














11.2 


12 














40.1 


13 














88.1 


14 














41.8 


15 














11.1 


16 














U.l 


17 














M.7 


18 










m 


18.S 


19 


m m 




Pea 


7.1 


20 


Sangamon Co. 


Weathered 


Nut 


11.9 


21 


• m 




Screenings 


48.1 


22 


Williamion Co. 




NttT^ 


11.9 


23 


« • 




Screenings 


41.0 


24 


Vermilion Co. 




Nnt 


18.0 



had been exposed in bins since January, 1908, and oonsisted of one lot 
of each of the following: Sangamon County nut, Sangamon County 
screenings, Williamson County nut, Williamson County screenings, and 
Vermilion County nut. This coal had disintegrated considerably and 
when dry it presented a white appearance as though coated with clay. 
It was very easily broken and the surface thus exposed was black and 
rather oily. 
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16. Relations Between Thickness of Fire, Capacity, and Efficiency. 
— CnrreB are shown in Figs. 7 to 11 in which efiBciency is plotted against 
thickness of fuel bed. For the sake of convenience in reference the 
points have been numbered to correspond to the tests from, which they 
were taken. From the curves it becomes evident that the best efficiency 
under full load conditions was obtained with a fire of about 7 or 7^ 

Table 4. 
Coal and Ash (Continued). 



" 




' 




Calorific Value 






Tert 
Number 


Total Coal 

as 

Piled 

Lb. 


Total 
Dry 

Co^ 
Lb. 


Combust- 
ible 
Consumed 
Lb. 


by Calorimeter 


Total 

Adi 

and 

Refuse 


Percentage 
of Ash and 


Per Lb. 


IWLb. 


Refuse in 
Dry Coal 




Dry Coal 


CoBbustibb 


Lb. 


Per Cent 










B.t.u. 


B.t.tt. 






Col. No. 


3i 


34 


36 


36 


37 


38 


39 


a 


3S 


37 


3D 


90 


51 


38 


31 


b 


33 


34 


39 


83 


68 


36 


30 


1 


31964 


JSU2& 


13036 


10079 


14in 


4087 


33.67 


S 


imi 


IfJ^lS 


11061 


11637 


14287 


8035 


36.49 


t 


19m 


15006 


11661 


11639 


14318 


3ni 


23.63 


4 


11640 


im&2 


13743 


11815 


14376 


3445 


21.07 


S 


8180S 


ir»50 


14061 


11983 


14381 


3810 


21.27 


f 


31QU 


17388 


13418 


11947 


14437 


4150 


28.91 


7 


*«BfA 


180«L 


14338 


13408 


14478 


3826 


21.18 


8 


i^,ii,v 


iMttO 


14863 


11831 


14400 


3832 


19 66 


9 


iim? 


163«A 


13164 


13393 


14439 


2801 


17.22 


10 


253»7 


21181 


17431 


13885 


14453 


4304 


20.75 


U 


301 T3 


2«687 


18365 


10064 


14377 


5671 


22.16 


13 


-^90 


3379S 


18389 


11949 


14830 


4005 


20.61 


» 


2W7* 


^1105 


16649 


11876 


14230 


4853 


22.67 


14 


moo 


2134« 


16474 


13184 


14463 


4700 


22.50 


15 


2Mtt 


10847 


16830 


11748 


14360 


4021 


20.26 


1« 


soasK 


adJTfl 


30873 


13186 


14381 


5842 


30.41 


17 


2ftm 


24753 


18934 


11921 


14324 


5454 


22.03 


18 


'jssm 


2477« 


18183 


11473 


14260 


5881 


23.73 


19 


250ft7 


3]fl!2 


17617 


13633 


14465 


5068 


27.61 


ao 


um 


14517 


11743 


11179 


13400 


2351 


26.10 


31 


13«» 


98^ 


7618 


10407 


12707 


1718 


17.41 


33 


IM40 


137ia 


11009 


13103 


14067 


2382 


17.37 


33 


1«|7 


I402tf 


11003 


12153 


13011 


2271 


16.10 


34 


2Vm 


17103 


14193 


11065 


13787 


2008 


12 27 



inches in thickness. This seems to give a fuel bed resistance such that 
the normal amount of coal can be burned without excessive draft. If 
a thinner fire than this is used there is a greater probability that there 
will be holes or thin places in the fuel bed^ forming paths of least 
resiatance through which an excessive amount of air passes with a con- 
sequent decrease in efficiency. On the other hand if the thickness of 
the fire is materially increased it becomes necessary to use more draft 
in order to maintain the load. The increased draft causes an increase 
in the air leakage through the setting, etc., thus causing the efficiency 
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carve to drop. The above discuBsion is based on the assumption that 
there is no more CO formed when using a thick fuel bed than with a 
thin one. An inspection of the gas analyses will show that the CO 
was never more than 0.24 per cent as a maximum and that this value was 
obtained on but two tests. For this reason it has been disregarded. 

Another explanation of the decrease in efficiency when the thickness 
of fire is increased above 8 inches is ofFered by the fact that the arch 
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is very low, it being only 10 inches above the grate at the front end. 
This causes an excessive draft loss toward the front and makes the 
combustion poor over that part of the grate thus reducing the effective 
grate surface. On this account it was found impossible to obtain loads 
as high as 1^ capacity with a fire 9^^ inches in thickness. That part 
of the ly^ load curve to the right of the point representing the 8-in. 

Table 5. 
Steam and Water. 







Time 


Total 


Total Weioht of Water 


Cii Steam Preaanre. 


Test 


OuAltty 


Factor 


Water.to 


inBoC 


ler.Lb. 


Lb. per Sq. In. (Gage) 


of 
Steam 


Evapora- 


Weighing 
Tanks 








Number 














tion 


Lb. 


Initial 


Pinal 


Initial 


Pinal 


Col. No. 


80 


31 
60 
111 


32 


83 


34 


36 


36 


ft 
b 


60 


67 


83 


84 


76 


77 


1 


O.Ml 


1.104 


128840 


34076 


33000 


138.0 


136.0 


s 


0.068 


1.008 


101703 


34700 


T4??n 


104.0 


1320 


s 


0.066 


1.100 


106005 


32040 


:i4:i(,ik 


140.0 


111.0 


4 


0.060 


1.100 


106843 


33800 


:i2^7u 


137.0 


133.0 


6 


0.066 


1.000 


134113 


33600 


34S70 


140.0 


138.0 


6 


0.060 


1.107 


121026 


34430 


XUMi 


140.0 


1360 


7 


0.060 


1.102 


120666 


33660 


:t3765 


136.0 


136.0 


8 


0.062 


1.078 


124028 


31660 


3^tt«.«i 


143.0 


136.0 


9 


0.066 


1.103 


106868 


33640 


333(10 


131.0 


138.0 


10 


0.072 


1.106 


168213 


33860 


3341.T 


146.0 


141.0 


11 


0.066 


1.001 


163101 


34040 


3i:,V] 


136.0 


136.0 


13 


0.066 


1.000 


162271 


33316 


.'kSS.'i 


144.0 


110.0 


13 


0.060 


1.106 


162830 


33610 


34&flii 


147.0 


ISO.O 


14 


0.066 


1.008 


168007 


33070 


34a^u 


130.0 


130.0 


16 


0.063 


1.082 


143286 


33606 


H4m 


140.0 


133.0 


16 


0.086 


1.001 


180064 


33440 


3+<Hi" 


140.0 


1330 


17 


0.066 


1.070 


170012 


33880 


M^*^ 


143.0 


120.0 


18 


0.068 


1.000 


166713 


34266 


34B8<k 


138.0 


131.0 


10 


0.088 


1.101 


164818 


83086 


3*sni5 


14ft.O 


138.0 


30 


0.083 


1.088 


101610 


31500 


a37^1 


136.0 


137.0 


21 


0.086 


1.102 


65680 


36500 


351 "M 


133.0 


137.0 


S2 


0.086 


1.077 


106364 


30766 


:i39TA 


138.0 


136.0 


» 


0.086 


1.104 


07300 


34610 


345^ 


136.0 


140.0 


34 


0.082 


1.003 


134676 


34376 


34 aw 


130.0 


135.0 



fire has therefore been shown as a dotted line and has been made to 
parallel the full load curve. 

A study of the curves in Figs. 7 to 11 will show that for each load 
there was a well marked thickness of fire which gave the best eCBciency 
and that a^ the load decreased this also became less. Thus for 1^ 
load the maximum eflBciency occurred with 8 to 8i^-in. fires, for full 
load with 7 to 7^ inches and for % load with about 6% inches. It is 
probable that for % load the fire could be decreased to 5 inches before 
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the efficiency would drop materially. This can only be inferred, however, 
from Ihe action at other loads, since no data were taken using fires of 
less than 6 inches. 

17. Draft, — When analyzed from the standpoint of draft the 
above condition is to be expected. For each load, or rate of combustion, 
a given amount of air is necessary. If the fuel bed is too thick, or 

Table 6. 
Steam and Water (Continued). 







Tenpcratureor 
Water to Wat»4»ek 


Peed-Water Corrections, 




»j 




Total 


D««.F. 




' 




..h 


w 


Number 

• 


Weight of 

Water to 

Water-back 

Lb. 












ToUl Watei 
Fed to BoiU 
Corrected. 
Lb. 


♦J.2 « 


Entering 


Leaving 


For Peed 
Tank 
Uvel 


For Prea- 

sure and 

Gage 

Glass 


For 
Water- 
back 


Equivalex 
Evaporati 
from and 
Lb. 


CoLNo. 


37 


38 


39 


40 


41 


42 


43 


44 


a 














57 


61 


b 


90 


91 


92 


72 


102 


106 


110 


112 


1 


88076 


68.7 


12:5 2 


+ 318 


f 974 
+ 694 


+ 6306 


135446 


149532 


2 


97760 


60.3 


109 ] 


+ 3086 


+ 4477 


109960 


120736 


3 


108006 


59.5 


MO 


+ 3083 
+ 1067 


- 1594 


+ 3896 


111190 


122309 


4 


99970 


5»7 


SH.7 


+ 648 


+ 2696 


111253 


123380 


S 


70346 


58.3 


113 


- 3019 


— 1100 


+ 3602 


134596 


147921 


6 


68310 


A9 3 


147.8 


+ 3612 


+ 1020 


+ 3721 


129278 


143111 


7 


68n6 


se 7 


104.7 


-i- 319 


- 261 


+ 2965 


123678 


136293 


8 


61930 


68.5 


IIQ 8 


-1- 1796 


- 1174 


+ 2597 


128147 


138142 


• 


66880 


m.i 


9ft fi 


— 319 


+ 309 


+ 2347 


109195 


120442 


10 


63810 


683 


112.8 


— 1382 


+ 277 


+ 3234 


155342 


172119 


11 


53640 


5».0 


130 3 


-1- 2332 


+ 2679 


+ 3917 


162119 


176872 


13 


68786 


5».l 


m.e 


- 13n 


— 906 


+ 3169 


163157 


177841 


13 


66186 


59.5 


137 6 


— 213 


— 1262 


+ 4008 


165363 


182891 


14 


63550 


87.4 


126.3 


— 3060 


— 1181 


+ 3464 


157210 


172617 


13 


Mm 


5S.3 


1064 


-I- 423 


- 826 


+ 2502 


145384 


157306 


16 


»27a 


68.1 


123.2 


4- 316 
4- 1319 


— 679 


+ 3583 


183374 


200061 


17 


h9m 


5«.2 


133,3 


- 648 


+ 3538 


175121 


188956 


18 


J!i337T> 


«8.H 


127.7 


+ 318 


- 614 


+ 3477 


169894 


185184 


19 


&mo 


60.6 


131.7 


+ 1686 


- 822 


+ 2913 


168595 


185623 


30 


^m 


fig 4 


J08.4 


- 2961 


— 1634 


+ 2113 


99147 


107872 


21 




59.7 


m 2 


+ 2801 


+ 1331 


+ 1344 


61066 


67284 


22 


36392 


604 


J40 1 


— 676 


- 2660 


+ 2699 


104819 


112890 


23 


mm 


50 7 


lOf ^ 


- 4070 


4- 280 
4- 161 


+ 2046 
+ 2687 


95666 


105494 


34 


msa 


».6 


mo 


— 3368 


124046 


135582 



dirty, it requires a heavy draft, with a consequent increase in air leakage 
through places other than the fire, thus causing a loss in efficiency. If 
it is too thin the draft may be reduced, but in this case the air leakage 
occurs through the fuel bed itself with the same result as before. 

The curves shovm in Fig. 9 have been calculated on the assumption 
that no air leakage occurred. In this discussion air leakage has been 
defined as the air infiltration occurring in that portion of the setting 
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from the bridge wall to the breeching and is chargeable against iiie 
boiler, and not against the furnace.- It is beUeved that this efficiency 
forms a better basis for comparing the action of two different boilers 
and furnaces than the over-all efficiency. It was deemed advisable to 
calculate this because after the tests had been completed a place was 
found which permitted some air to leak into the second pass. On aoconnt 

Table 7. 
Fuel and Water pee Hour. 









Ccaibumb; 


c 


Equivalent 






Drj Coid, I^b* 


Conasmed, Lb. 


Evaporatioa, l-b. 


TmX 

Number 




Per Sq- Pt. 

of Grate 

Surf ace 

per Hcjuf 




Per Sq. Ft. 

pf Water- 




Per Sq. Fl_ 

ol Woter- 




Per Hour 


Per Hfjtir 


heating 
Surface 


Ptr Hour 


tieatine 
Sarfac« 








per Hour 




ptirHm$T 


Dil, No. 


«s 


4< 


47 


48 


49 


SO 


■ 


44 


48 


47 


49 


03 


64 


b 


fiS 


60 


» 


61 


113 


114 


1 


1887 


15.41 


1002 


0.196 


11502 


2.25 


2 


1189 


12.66 


851 


0.166 


9287 


1.81 


8 


1228 


18.64 


897 


0.175 


9406 


1.84 


4 


1258 


18.98 


900 


0.191 


9491 


1.8i 


5 


1995 


22.17 


1565 


0.806 


16486 


8.21 


e 


1983 


21.48 


1491 


0.291 


15901 


8.11 


7 


2007 


22.80 


1502 


0.311 


15144 


2.96 


8 


2166 


24.07 


1665 


0.825 


15849 


8.00 


9 


1807 


20.08 


1468 


0.286 


18388 


2.61 


10 


2353 


26.14 


1986 


0.378 


19124 


3.74 


11 


2843 


81.59 


2028 


0.896 


19652 


8.84 


12 


2644 


29.88 


2041 


0.899 


19760 


886 


18 


2878 


26.42 


1889 


0.859 


90821 


8.97 


14 


2861 


26.28 


1830 


0.857 


19180 


8.75 


15 


2206 


25.51 


1702 


0.882 


17470 


8.41 


16 


2908 


32.31 


2319 


0.453 


22229 


4.84 


17 


2750 


30.56 


2103 


0.411 


20996 


4.10 


18 


2758 


30.59 


2020 


0.395 


20576 


4.02 


19 


3088 


84.31 


2517 


0.402 


26516 


618 


20 


2639 


29.32 


2135 


0.417 


19618 


888 


21 


2819 


31.82 


2177 


0.425 


19224 


8.7S 


22 


8047 


88.86 


2446 


0.478 


25087 


4.90 


28 


2338 


25.08 


1884 


0.858 


17582 


S.4S 


24 


2850 


81.67 


2366 


0.462 


22597 


4.41 



of its inaccessible position this place had escaped detection from the 
time the boilers were installed. A close watch was kept and precautions 
were taken to prevent the development of leaks during the tests, and it 
was supposed that the setting was as tight as possible. With the 
possible exception of one or two tests, the diflference between the per- 
centage of COj at the furnace and that at the breeching W9S not enough 
to arouse suspicion, since the setting was not a plastered one, and the 
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ordinary brick setting is susceptible to some nnavoidable air seepage. 
A comparison of this set of curves with the other efficiency carves indi- 
cates that the leakage was not sufficient to detract from any of the 
conclusions drawn from the data. A discussion of the method of calcula- 
tion for the efficiency used in Fig. 9 may be found in the Appendix. 
The carves in Figs. 12 to 15 inclusive show the relation existing 

Table 8. 
BoiLEK Performance. 











Water 


Equivalent Evaporation from 
andat2ir. Lb. 








Percentage 


Apparently 


Test 
Number 


Hone Power 
Developed 


Builder's 
Horaepower 


of Builder's 

Rating 
Developed 


Evaporated 

per Lb. of 

Coal as 






Per Lb. 


Per Lb. 


PferLb.of 










Fired. 


of Coal 


of Dry 


CombiMtible 










Lb. 


as Fired 


Coal 


Coiwuned 


CoLNo. 


61 


63 


63 


64 


66 


56 


57 


a 


66 


66 


67 


68 


69 


70 


71 


b 


116 


116 


117 


118 


119 


120 


121 


1 


333.1 


608 


66.7 


6.17 


6.81 


8.30 


11.48 


2 


2m.t 






63.0 


6.13 


6.73 


8.15 


10.92 


3 


373.7 






63.7 


6.81 


6.39 


7.66 


10.49 


4 


275,1 






64.2 


6.61 


6.22 


7.55 


9.68 


6 


476 4 






93.8 


6.17 


6.78 


8.24 


10.61 


6 


4aD.9 






90.8 


6 16 


6.80 


8.23 


10.67 


7 


mo 






86.6 


6.76 


6.33 


7.56 


9.51 


8 


444.9 






87.6 


6.49 


6.92 


7.09 


9.22 


9 


W.ft 






76.4 


6.67 


6.26 


7.40 


9.15 


10 


6fi4.4 






100.1 


6.13 


6.78 


8.13 


9.88 


11 


m.% 






113.1 


5.37 


6.86 


6.91 


9.69 


13 


S7'i.7 






112.7 


6.73 


624 


7.47 


9.68 


13 


s«&.a 






115.9 


6.44 


7.12 


8.55 


11.05 


14 


6£5.ft 






109.4 


6.19 


6.80 


8.13 


10.48 


16 


soae 






99.7 


6.21 


6.72 


7.93 


10.27 


16 


m.z 






126.8 


6.92 


6.46 


7.64 


9.59 


17 


eoa.fi 






119.8 


6.99 


6.46 


7.63 


9.99 


18 


&M4 






117.4 


5.80 


6.32 


7.47 


10.18 


19 


708.6 






161.3 


6.72 


7.40 


8.59 


10.54 


20 


im.s 






111.9 


6.44 


6.91 


7.43 


9.19 


21 


357.3 






109.7 


4.82 


6.32 


6.82 


8.83 


23 


727.1 






143.1 


6.09 


721 


8.23 


10.25 


23 


609.6 






100.3 


6.66 


6.24 


7.52 


9.59 


24 


666.0 


• 


128.9 


6.80 


6.34 


7.93 


9.55 



between the various efiSciencies and capacity or load in boiler horse 
power. They bring out about the same facts as those already discussed. 
On the whole, the over-all eflSciencies obtained are not surprisingly 
high. Under normal conditions of load and fire the over-all efficiency 
averaged about 65 per cent. As stated before, however, no attempt was 
made to obtain record tests, so that this represents the actual operating 
^ciency and as such is in accord with good practice. A study of 
column 60 in Table 9 will show that the efficiency of the furnace and 
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grate was fairly constant for all loads and depths of fnel bed. Colimm 
61 indicates that the loss in efficiency at higher loads was due to reduced 
heat absorption by the boiler. Also, a comparison of the values in ibis 
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Fig. 14. Relation Between Load and Efficiency of Boiler, Excluding Fur- 
nace AND Grates. 
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column with the temperature of the flue gas given in column 18, Table 2, 
indicates tiiat in general the lower boiler efficiencies correspond with 
the higher temperatures. 

The curves in Fig. 16 give the drafts throughout the boiler setting. 
The positions plotted as abscissae refer to the draft gage positions indi- 
cated in Pig. 1. It may be noticed that there is an unexpected drop in 
the carves at positions 4 and 6. At first it was supposed that this was 
dne to error either in the gage itself or in the position of the tube. All 
the gages were then calibrated and found to be well within the limits of 
accTuracy. The positions of the tubes were also changed, and they were 
moved backward and forward across the channels, with the same result 
each time. On comparing the cross-sectional areas of the various passes 
it was found that the area at point 4 was greater than that at point 3. 
Also that the wall forming part of the last pass was corbeled so that 
the area at point 6 was greater than that at point 5. This peculiarity 
in the curves, therefore, has been attributed to the dynamic effect of the 
flowing gases. 

Beferring to Pig. 17, it may be seen that the reading of a draft 
gage (h\), when connected to a chamber in which the pressure is less 
than atmospheric, indicates the difference between the barometric pres- 
sure (H) and the true pressure or static head (h,) measured above 
absolute zero. If a Pitot tube is placed at the same point, and there is 
a flow of gas, the vdocity head (hg) will add to the static head (hj), and 
the reading of the Pitot tube (h'j) will be less than that of the draft 
gage (h'i). According to Bemouilli's theorem, the total head at any 
point is the pressure head, plus the velocity head, plus the head lost up 
to that point. The atmospheric pressure (H) is the total head in this 
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case, and b, is the sum of the pressure and velocity heads. Therefore 
h\ must represent the lost head or^ in other words^ the friction head. 
Proceeding from the front of the furnace to the breeching the quantify 
h', increases more or less unif ormly, and^ since it is a loss, it would deduct 

/f 
// 

1.0 

09 

OS 

^07 



05 
Od 
03 

oe 









i 


t=^==^=:l 


k 


* Y/^ 








i 




^6 








// 










^ 


w 








/ 


^ ^ 


^^--^ 


9 




A 


^^ 


/A 


...^ 






\/A 




/A 


^::::rrrr:. 


JO 
7J 




wlA 




vA 


^^^_ 








lA 


kt 


\5 
^7 


II fff/ 


^^^^^ 




Y/ 




i 


U'f/ /K% 




►^ 


^ 


^ J 

^ 






■r^S"^^ 




^^^^^C^ 


^ 






^2 







I J. 



•^ics 



^»^ 



Fig. 16. Drafts Throughoxtt the Boiler Setting. 
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from the value of b^ and increase the gage reading (h\). In view 
of this fact, the natural expectation would be to find the gage readings 
increasing for the successive positions from the furnace to the breeching. 
Any decrease in velocity head (h,), however, goes into an increase in 
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preBsure head (h^) and therefore makes the gage reading (h\) 

ConBequently^ if a material increase in section, or reduction of gas volume 

occurs at any point, the decreased velocity head might diminish h\ 

enough to make it read less than the gage preceding it. This explains 

the dip in the curves at positions 4 and 6 in Fig. 16, since at position 4 

there was an increase in section over that at position 3, and also 

at position 6 over that at position 5. It may, tiierefore, be seen thai 
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17. Draft Readings. 



the practice of subtracting draft gage readings and calling the result the 
friction loss is incorrect imless the area of cross-section is the same at 
both points where the readings were taken. If this is not true a correc- 
tion for velocity should be made. 

Three factors determine the amount of draft necessary. They are 
the thickness of fire, the amount of dust in the coal, and the horsepower 
developed. Taking each load separately it may be seen from Fig. 16 
that the 9^-in. fire invariably required the maximum draft for any 
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given load. With the thinner fires sometimes one and sometimes 
another required more drafts depending largely upon the amount of dust, 
and slightiy varying horsepower; conditions that seemed to affect the 
thinner fires to a larger extent than the thicker ones. 

The curves in Fig. 18 show the relation existing between the draft 
loss from the ash-pit to the furnace, and the coal burned per square foot 
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Fig. 18. Relation Between Draft Loss From Ash- Pit to Furnace, and 

Coal Burned per Sq. Ft. of Grate Surface per Hour Wrra 

Varying Thickness of Fire. 

of grate surface per hour with varying thickness of fire. The amount of 
dust in the coal influences a number of these points to some extent. For 
instance^ on test No. 12 the coal had a large percentage of dust. Points 
17 and 19 were, therefore, given more weight in determining the end 
of the curve. From these curves it is evident that between the limits 
of 24 to 32 pounds per square foot of grate surface and with a normal 
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thickness of fire of about 7V^ inches, it requires a draft of approximately 
0.01 in. of water per lb. of coal per square foot of grate surface per 
hour to bum Illinois screenings. This figure increases slightly at hi^er 
rates of combustion. With fires above 8 inches in thickness, the draft 
necessary for the coal to bum at a given rate becomes high enough to 
cause excessive air leakage, and it increases very rapidly with higher 
rates of combustion. The same draft required for the combustion of 38 
lb. of coal per square foot per hour with a 7-inch fire is only suflBcient for 
the combustion of 24 lb. per square foot per hour with a S^^-inch fire. 
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Fig. 19. Relation Between Load and G)al per Sq. Ft. of Grate Surface 

PER Hour. 

Fig. 19 shows the relation between rate of combustion and the horse- 
power developed. This relation may be represented by a straight line. 
The fact that the heating values of the coal varied somewhat^ and also, 
that it was impossible to run all the tests with the tubes in exactly the 
same condition as regards soot deposits, tends to throw some of the points 
off of the curve. 

Fig. 20 gives the draft requirements for a given horsepower using 
different thicknesses of fire. These curves necessarily assume the same 
form as those in Fig. 18, since the load is a straight line function of the 
rate of combustion. The points do not fall on these curves as they do 
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Fig. 20. Relation Between Load and Draft in Furnace, 

on those of Fig. 18, however, because some factors such as soot on the 
tubes and the variable heating value of the coal influence the horsepower 
developed and do not influence the rate of combustion. Also they were 
plotted using draft over the fire instead of the difference between this 
and the draft in the ash pit. 

18. Excess Air. — The curves in Fig. 21 give the relations between 
excess air, thickness of fire, and load. There are a number of other 
factors which affect the excess air, and the curves shown are at best only 
approximate. They are influenced by draft conditions, which in turn 
are somewhat dependent upon the dust content of the coal. For instance, 
it required practically the same draft to give % load on test No. 9 as it 
did to give full load on test No. 15, due to the fact that on the former 
the dust content was higher than on the latter. This placed point 9 
practically on the full load curve. In tests Nos. 11, 12, and 14 tiie dust 
was high, while in Nos. 10 and 13 it was normal. Hence more weight 
was given to the latter points in drawing the curves. 

Taking the curve for each load separately it is evident that the 
percentage of excess air decreases to a minimum and then increases again 
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Fig. 21. Relation Between Thickness of Fise and Excess Air at Furnace. 



as the thickness of fire increases. These minimmn points correspond 
yery closely to the maxinmm ones shown on the efiSciency curyes in Figs. 
7 to 11. With thin fires there is a marked tendency toward the forma- 
tion of holes in the fuel bed^ through which an excessiye amount of air 
can pass. Also the entire fuel bed is more open and porous, and the 
small channels formed by the yoids are shorter. Hence the air is not 
brought into as intimate contact with the incandescent surface of the 
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coal as it otherwise would be. When the thickness of the fire is increased 
the passage becomes more tortuous and thus a larger proportion of the 
volume of air passing through the fuel bed comes into contact with the 
surface of the coal. At the same time the total area of the incandescait 
surfaces increases. Hence the excess air decreases. As the depth of 
fuel bed increases, however, the ash, as it forms, interferes more with 
the processes of combustion. At a thickness of about 7^^ indiea it 
appears that the ash begins to protect the incandescent surface from the 
action of the air, thus reducing the total area exposed and serving to 
mitigate the effect gained by the increased turbulence of the air. There- 
fore, increasing the depth of fuel on the grate beyond this point results 
in an increase in the per cent of excess air. 

Inspection of the curves in Fig. 21 will show that for fires less than 
7y2 inches thick, the excess air increases when the load or rate of com- 
bustion is increased if a constant depth of fuel bed is maintained, while 
for fires above T^ inches thick the reverse is true. When the load is 
made greater a larger volume of air is drawn through the fuel bed. 
That part actually coming into contact with the fud also increases, but, 
in the case of thin fires, not so rapidly as the total. Hence in this case 
the excess air will increase with load. As the fires become thicker the 
part coming into contact is a larger proportion of the whole and it is 
not necessary to increase the total volume as much in order to obtain 
a given rate of combustion. At about 8 inches the tendency for the ash 
to choke the fuel bed becomes manifest and with fires above this thick- 
ness, when the draft is made greater, the increased velociiy of the air 
tends to sweep the surfaces clean and to permit better combustion. Hence 
the percentage of excess air is apt to be lower at the higher rates when 
using thick fires. 

The trend of these curves is also influenced somewhat by air 
leakage along the sides and at the back of the stoker. This would have 
had a more marked effect when the heavier drafts were used. A study of 
the per cent COj at the furnace, however, from which the excess air was 
calculated will prove that this was at no time excessive. On all but two 
of tlie tests the COj ran from 8 to 13 per cent, representing an excess 
of from 100 to 25 per cent, and in most cases was about 50 per cent 

In Pig. 22 the percentage of COj in the flue gas has been plotted 
against the excess air expressed in per cent. Most of the points for 
this curve were taken from the analysis of the gas at the furnace, a 
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Fia 22. Relation Between Excess An and COi in Gas. 

few of the analyses at the flue being used, however, to establish some 
of the more remote points. 

The theoretical curve shown in Fig. 22 was calculated from the 
following analysis, which was obtained by averaging the analyses for 
tests 1 to 18 inclusive: 

0=65.77%, H,=4.17%, 0,=6.27%, N,=1.65%, S=4.52%, and A8h= 
17.62%. On the assumption that complete combustion took place, a 
gas analysis was ccnnputed for the above coal using 100, 75, 50, and 25 per 
cent excess air, the results of which are shown as a dotted line in Fig. 22. 

The fact that the curve plotted from the analyses so closely parallels 
the theoretical curve may be taken, as an indication of the accuracy of 
the gas analyses made on the tests. The explanation for the theoretical 
carve falling above the other lies in the fact that some of the carbon 
in tiie coal actually used went through the grates, some went to form soot 
and a small amount to form GO. This made the carbon actually appear- 
ing in the gas per lb. of coal about 5 per cent lower than that used for 
Ae theoretical curve. 

An inspecticm of the curve will show that all of the points in the 
group representing about 35 per cent, or the minimum excess air, were 
obtained from 7-inch fires. Of those in the 50 per cent excess air group, 
4 were obtained from 6-inch, one from 7-inch, and one from 8-inch fires. 
This seems to verify the conclusion that a fire approximately 7 inches 
thick is the best to use for this kind of coal. 

19. CO, and GO Relations.— In Fig. 23 the 0, in the flue gas is 
plotted against per cent excess air. This gives the same results as Fig. 
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Fig. 24. Relation Between Thickness of Fire and COs in Gas at Furnace. 

22, and of the two, the latter is the more valuable, since readings of GO, 
may be easily obtained in practice, while 0, is not so readily determined. 
This curve, however, is given to serve as a check on tiie CO, cnrve. 
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Fig. 24 was plotted in an attempt to obtain a relation between the 
thickness of the fire and the percentage of GOf The latter seems to have 
a tendency to reach a maximum on the 7-inch fire^ from which point it 
falls off rapidly as the thickness of the fire is increased. 

In Figs. 25 and 26, the points fall with snflScient irregolarity to re- 
quire a slight stretch of the imagination in order to draw a cnrye. They 
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Fia 26. Relation Between Loss Due to Air Leakage anh Difference in 
Per Cent COt at Furnace and Flue. 

seem to indicate straight line relations, however, the points being about 
equally distributed on both sides of a straight line. 

YSg. 25 indicates that the air leakage through the setting is roughly 
proportional to the draft over the fire. This curve is affected by the 
variation in the pounds of gas per poxmd of coal, which is in 
turn infiuenced by a number of factors previously discussed. 

In Fig. 26 the loss due to air leakage is plotted against tiie difference 
in the GO, readings at the furnace and at the flue. This curve is also 
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affected by the variation in the pounds of gas per pound of coal^ but it 
shows the importance of stopping all the air leaks. 

An attempt was made to find a relation between the loss due to 
excess air and the loss due to GO formed^ but it was found impossible to 
deduce sudi a relation from the data obtained. 

The curves in Fig. 27 and Fig. 28^ however, have been calculated 
by making use of the coal analysis given under the discussicm of Fig. 
22. This analysis is fairly representative of tiie coals u^. From these 
curves some idea may be gained of the relation between the losses caused 
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Fig. 27. Loss Caused by Excess An. 

by excess air and GO. Fig. 27 has been calculated for the different flue 
gas temperatures indicated, on the assumption that the gases enter the 
furnace at 75*' F., and that the temperature of the flue gas would be 
the same for the different percentages of excess air. 

Assume that under certain operating conditions 11.5 per cent CO, 
is being obtained, and that there is no trace of CO in the gas. Reference 
to Fig. 22 will show that 40 per cent excess air is being used. Assume 
that the air supply is cut down, and when the per cent of CO, becomes 
11.9, indicating 35 per cent excess air, a trace of CO begins to appear. 
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If the air supply is farther reduced^ so that the per cent of CO, becomes 
12.9, indicating that only 25 per cent excess air is being used, reference 
to Fig. 27 will show that the loss has been cut down from 2.61 per cent 
when using 35 per cent excess air, with the flue gas at 500'' F., to 1.88 
per cent when using 25 per cent excess, with the flue gas at the same 
temperature, giving a difference of 0.73. 
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From Fig. 28 the percentage of GO which represents a loss equal 
to 0.73 is 0.19 when 25 per cent excess air is being used. Hence, in the case 
assumed, if 0.19 or more of CO appears in the gas when the excess air is 
reduced from 35 per cent to 25 per cent, the gain from reducing the air 
supply is more than offset by the loss due to the formation of CO. 

For every furnace and for every coal, therefore, there will be well 
defined limits beyond whidi the air supply can not be reduced without 
causing a greater loss due to incomplete combustion. Just how much CO 
is permissible for any given coal and installation may be determined by 
plotting a set of curves similar to the above, and by finding by experi- 
ment at what value of COj a trace of CO begins to appear. 

Fig. 29 gives the relation between loss due to combustible in ash and 
loss due to excess air. This is influenced by so many factors, and the 
points fall so irregularly that it is impossible to draw any very exact 
conclusions from it The general tendency shown by the points may be 
fairly well represented by the straight line. This shows that for the 
chain grate stoker the tendency is for the loss due to excess air to in- 
crease as the combustible in the ash is decreased, and that the sum of the 
losses remains fairly constant at from 12 to 14 per cent This means 
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Relation Between Loss Due to Combustible in Ash and Loss Due 
TO Excess Air. 



Digitized by 



Google 



XBATZ— A STUDY OF BOII^BR LOSSES 



39 



that in order to reduce the carbon appearing in the ash it is necessary to 
increase the air snpplj, which in tarn entails a corresponding loss. It 
is probable that the combustible loss, being a visible one, will cause more 
concern than the invisible excess air loss, but the above, in some measure, 
indicates the futility of trying to cut down on the former at the expense 
of the latter. Since this conclusion is based entirely upon data obtained 

Table 9. 
Eppiciency. 





Efficiency. Per Cent 


Test 














Number 


GflBoiler 

andrumace 

Excluding 

Gfmtes 


Of Boiler. 

Furnace 

and Grates 


Of Furnace 
and Grates 


Of Boiler 


Of Furnace 


Over-all 
Baaed on 
Zero Air 


CoLNo. 


68 


69 


60 


61 


62 


63 


ft 


72 


73 










b 


123 


124 


127 


128 


130 


133 


1 


78.88 


73.36 


78.07 


93.97 


83.82 


74.85 


2 


74.17 


68.66 


76.46 


89.66 


82.80 


69.69 


Z 


71.10 


63.92 


74.27 


86.06 


82.74 


66.35 


4 


66.80 


62.01 


74.64 


83.20 


79.26 


62.92 


6 


70.92 


67.01 


80.00 


83 75 


84.72 


69.68 


6 


71.72 


66.86 


80.10 


83.46 


85 99 


68.09 


7 


68.75 


69.06 


77.66 


76.14 


83.81 


59.76 


8 


62.09 


68.20 


76.92 


76.66 


82.16 


61.08 


9 


61.49 


68.42 


77.80 


75.09 


81.87 


01.74 


10 


66.34 


68.96 


82.04 


77.95 


85.16 


66.48 


U 


66.40 


61.21 


79.83 


77.16 


84.79 


64.16 


12 


66.59 


60.67 


78.07 


77.71 


84.49 


64.50 


13 


75.36 


69.87 


79.16 


88.27 


85.59 


71.35 


14 


70.32 


64.76 


77.97 


83.04 


84.76 


06.04 


IS 


69.46 


66.60 


78.40 


83.54 


83.22 


68.41 


16 


64.71 


60.84 


79.23 


76.79 


84.26 


63.75 


17 


67.68 


62.11 


78.16 


79.48 


85.18 


65.46 


18 


69.28 


6S.19 


77.63 


81.50 


85.16 


68.16 


19 


70.71 


66.04 


80.06 


82 50 


85.73 


68.60 


20 


66 21 


64.60 


78.62 


82.03 


80.83 


67. 24 


21 


67.44 


63.05 


76.85 


83 12 


81.99 


66.62 


22 


70.71 


66.98 


79.33 


83 18 


85.21 


68.87 


28 


66.90 


60.04 


72.46 


82.86 


81.14 


63.75 


24 


67.22 


64.20 


80.40 


79.86 


84.44 


67.66 



from a chain grate it is impossible to state whether or not it will hold 
for other types of stokers or methods of firing. 

20. Heat Balance, — The heat balance as used on these tests has 
been based on one pound of dry coal and has been considerably extended 
over the one given in the A. S. M. E. code. 

In considering the question of steam generation, there are two sepa- 
rate processes which require attention. First, the heat must be evolved 
from the coal, and second, it must be absorbed by the water. The first 
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i8 the function of the furnace and the aecond is a function of the boiler. 
Each of these processes entails losses^ some of which are mutually inde- 
pendent and some of which are more or less dependent one upon the otiier. 
Since the efficiency of the unit should be the product of the efficiency of 
the furnace and the efficienqr of the boiler alone, it is evident that all 

Table 10. 
Weight of Aib and Oases per Lb. of Det .Coal. 





Weight of Om. Lb. 


Weight of Air. Lb. 


Weight of Ex. 
cenAtr.Lb. 


Percent 
EaoeM Air 




1 


5 




1 


. 




1 










i 


y 


1 


1 


^j 


1 


1 


1 










1 
3 


ll 


H 


H 


ll 


t 


^ 


1 


^ 


1 

< 


4! 


s 


Col. No. 


M 


66 


66 


67 


68 


60 


70 


71 


72 


73 


74 


ft 
b 


168 


162 


168 


174 


m 


180 


181 


182 


184 


188 


18S 


1 


8.76 


12.64 


14.41 


8.86 


12.87 


14.80 


1.08 


4.0S 


6.06 


48.14 


71.26 


2 


0.28 


16.06 


16.67 


8.78 


14.78 


16.88 


1.66 


6.06 


7.60 


67.n 


86.66 


8 


0.20 


14.46 


16.80 


8.84 


14.21 


16.46 


2.24 


6.87 


7.61 


60.76 


86.00 


4 


0.40 


22.68 


28.04 


0.04 


22.26 


28.68 


1.48 


18.21 


14.64 


146.18 


161.06 


5 


0.62 


18.78 


17.04 


0.06 


U.46 


16.81 


8.86 


4.80 


7.76 


48.46 


86.64 


6 


0.48 


12.87 


18.06 


0.08 


12.02 


18.78 


1.71 


2.00 


4.70 


88.11 


62.06 


7 


0.00 


16.02 


16.01 


O.tt 


16.a 


16.67 


1.04 


6.20 


7.24 


66.78 


76 78 


8 


0.80 


18.07 


22.71 


8.06 


18.72 


22.64 


8.82 


0.77 


18.80 


100.16 


161.84 





0.80 


10.06 


28.76 


0.84 


18.76 


28.40 


4.78 


0.42 


14.16 


100.86 


151.60 


10 


0.84 


14.88 


16.74 


0.88 


14.64 


16.46 


1.02 


6.16 


7.06 


66.01 


75.48 


11 


8.86 


14.40 


17.67 


8.40 


14.20 


17.tt 


8.14 


6.80 


0.06 


70.12 


107.S0 


12 


0.60 


14.00 


10.84 


0.14 


14.76 


10.20 


4.44 


6.tl 


10.06 


61.40 


110.06 


12 


0.60 


12.63 


14.80 


0.16 


12.86 


14.14 


1.70 


8.20 


4.00 


84.07 


54.64 


14 


0.68 


14.06 


16.68 


0.21 


18.84 


16.47 


1.68 


4.68 


6.26 


60.» 


67.07 


15 


0.87 


17.46 


20.84 


802 


17.18 


20.64 


8.61 


8.21 


11.72 


02.04 


181.30 


16 


0.78 


16.42 


10.01 


o.r 


16.00 


10.68 


8.60 


6.82 


10.41 


78.67 


112.30 


17 


0.66 


14.00 


17.82 


0.18 


18.71 


17.67 


8.86 


4.68 


8.80 


40.86 


01.80 


18 


0.22 


18.12 


18.38 


8.78 


12.84 


18.28 


6.80 


4.06 


0.46 


46.24 


107.63 


10 


0.80 


12.06 


16.88 


0.40 


12.66 


16.66 


2.00 


8.16 


6.06 


88.80 


68.86 


90 


8.46 


10.18 


22.11 


8.03 


18.82 


21.70 


2.70 


10.70 


18.76 


lS4.r 


171.85 


21 


8.44 


12.67 


16.06 


7.00 


12.10 


16.66 


8.47 


4.20 


7.67 


62.66 


06.00 


22 


0.68 


14.68 


17.01 


0.23 


14.87 


17.61 


8.24 


6.14 


8.88 


66.60 


00.80 


28 


0.63 


17.66 


21.77 


0.10 


17.20 


21.46 


4.26 


8.01 


12.26 


87.16 


188.40 


24 


0.64 


14.66 


18.41 


0.06 


14.10 


18.06 


8.08 


6.02 


0.00 


66.28 


00.12 



losses should be tabulated under but two heads, viz., boiler losses and fur- 
nace losses. 

Since it requires a difference in temperature between the hot gases 
and the water for any heat to flow from the former into the latter, it is 
manifestly impossible to utilize any of the heat remaining in the gases 
after their temperature has fallen below the temperature of the steam. 
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and hence of the water in the boiler. This introduces a set of unavoid- 
able losses. In considering these unavoidable losses^ and the loss due to 
excess air taken in at the furnace^ it was not entirely self-evident under 
which head they logically belonged. Owing to reasons which will sub- 
sequently be discussed^ the following division was finally decided upon 
BS being the most convenient: 

DEBIT. 

1. Heat supplied by one pound of dry coal. 

CREDIT. 

2. Heat absorbed by boiler. 

Furnace Losses (unavoidable). 

3. Loss due to heat in theoretical weight of dry gas required for 
complete combustion^ up to the temperature of the steam in the boiler. 

4. Loss due to moisture in the coal^ up to the temperature of the 
steam. 

5. Loss due to moisture formed from H, in the coal, up to the 
temperature of the steam. 

6. Loss due to moisture in the air, up to. the temperature of the 
steam. 

Furnace Losses (controllable). 

7. Loss due to excess air up to the temperature of the steam in 
the boiler. 

8. Loss due to CO formed. 

9. Loss due to combustible in the ash. 

10. Loss due to high temperature of the ash. 

Boiler Losses. 

11. Loss due to theoretical weight of dry gas for complete com- 
bustion, above the temperature of the steam in the boiler. 

12. Loss due to moisture in coal, above the temperature of the 
steam. 

13. Loss due to moisture formed from Hg in coal, above the tem- 
perature of the steam. 

14. Loss due to moisture in the air, above the temperature of the 
steam. 

15. Loss due to excess air, above the temperature of the steam. 

16. Total loss due to air leakage into the boiler setting. 

17. Radiation, conduction, and unaccounted-for losses. 



Digitized by 



Google 



4S 



ILLIKOIB BNQINSBBIKO BXPBRIICSNT STATION 



In making up this heat balance, excess air was defined as the air 
taken into the furnace in excess of that necessary for complete combns- 
tion, and was determined from the analysis of the gas at the furnace. 
Air leakage was defined as the air leaking into the gases after they had 
passed {he bridge-wall. It was found by comparing the gas analyses at 
the flue and at the furnace. Therefore, all of it was charged against the 
boiler. 

Table 11. 

Chemical Analyses. 





Proximate Analysis of Coal as 


Fired 


Ultimate Analysis of Dry Coal 


1 

1 


ill 






1 


Sulphur 
Separately 
Detennined 
Per Cent 




If 


11 


1*2 




's 
u 


Col. No. 


75 


76 


77 


78 


79 


80 


81 


82 


83 


84 


85 


a 


82 


33 


34 


35 


36 


37 


38 


39 


40 


41 


42 


b 


38 


39 


41 


42 


43 


50 


51 


52 


53 


54 


55 


1 


30.50 


33.09 


17.89 


18.52 


4.29 


60.31 


4.06 


6.71 


1.13 


5.23 


22.5ft 


a 


83.83 


34.06 


17.41 


15.90 


4.11 


63.87 


4.10 


6.15 


1.65 


4.96 


19.25 


3 


33.34 


34.43 


16.56 


15.67 


4.13 


64.29 


4.13 


6.19 


1.06 


4.95 


18.78 


4 


33.01 


35.30 


17.58 


14.21 


3.81 


65.86 


4.23 


6.35 


1.70 


4.62 


17.94 


6 


33.67 


35.68 


17.64 


14.02 


3.83 


66 02 


4.24 


6.36 


1.71 


4.65 


17.03 


6 


32.13 


36.31 


17.29 


14.27 


3.94 


65.74 


4.22 


6.33 


1.70 


4.76 


i7.as 


7 


31.30 


40.75 


16.04 


12.01 


3.19 


69.03 


4.43 


6.65 


1.79 


3.80 


14.30 . 


8 


32.63 


35.93 


16.43 


15.01 


3.99 


65.13 


4.18 


6.27 


1.69 


4.77 


17.96 


9 


33.75 


38.16 


15.53 


12.56 


3.55 


68.22 


4.38 


6.57 


1.76 


4.20 


14.87 


10 


33.22 


37 96 


16.60 


12.22 


3.28 


68.63 


4.40 


6.61 


1.78 


3.93 


14.66 


11 


30.25 


34.36 


15.20 


20.19 


3.99 


61.96 


3.47 


4.52 


1.53 


4.71 


23.81 


12 


33.68 


36.01 


16.47 


13.84 


3.55 


66.75 


4.28 


6.43 


1.73 


4.25 


16.56 


13 


32.41 


37.16 


16.64 


13.79 


3.52 


66.79 


4.29 


6.43 


1.73 


4.22 


16.54 


14 


31.84 


38.66 


16.32 


13.18 


3.77 


67.21 


4.31 


6.48 


1.74 


4.51 


15.75 


16 


32.73 


36.66 


15.24 


15 37 


4.06 


64 97 


4.17 


626 


1.68 


4.79 


18.13 


18 


34.43 


37.23 


15.44 


12.90 


3.77 


67.67 


4.34 


6.52 


1.75 


4.46 


15.26 


17 


34.17 


36.29 


15.33 


14 31 


3.35 


67.59 


4.11 


6.06 


1.51 


3.95 


16.78 


18 


32.16 


35.85 


15.46 


16.53 


3.91 


63.92 


4.10 


6.16 


1.65 


4.62 


19.55 


18 


36.56 


38.61 


13.85 


10.98 


3.09 


67.75 


5.30 


854 


2.06 


3.59 


12.74 


ao 


35.88 


30 23 


20 35 


13.54 


2.99 


59.19 


4.55 


13.44 


2.07 


3.75 


17.00 


21 


34.06 


30.35 


22.04 


13.55 


2.97 


58.87 


4.53 


13.25 


2.15 


3.81 


17.39 


22 


45.41 


29.92 


12.45 


12.22 


1.89 


68.04 


4.66 


8.79 


2.39 


2.16 


13.96 


23 


43.36 


29.09 


17.07 


10.48 


1.81 


67.75 


4.90 


10.77 


1.75 


2.19 


12.64 


24 


38.54 


80.99 


20.02 


10.45 


1.26 


67.62 


4.68 


10.59 


2.47 


1.58 


18.00 



On the basis of a rigid analysis^ regarding the furnace as being en- 
tirely separate from the boiler, the unavoidable loss might have been in- 
cluded under boiler losses. We can conceive of a unit so built that the 
water comes into it at room temperature, and is gradually passed through 
and heated up to steam temperature. In this kind of a unit the gas 
might also be made to leave at room temperature. In this hypothetical 
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apparatus any heat in the coal which was not given to the gas wonld be 
chargeable to the fomace, while any that was not taken from the gas 
down to room temperature would be charged against the boiler. This 
conception leads to a difiSculty with the excess air. The amount of excess 
air depends upon the design and operation of the furnace^ and as a boiler 
furnace^ the air should be charged against it. But under the above 

Table 12. 
Chemical Analyses (Continued). 



1 

1 


Analysis of Ash 
and Refuse 


Analysis of Dry Gases at Furnace 
Per Cent by Volume 


Analysis of Drr Gases at Flue 
Per Cent by Volume 






Earthy 








Ns 








Nj 


1 


Per Cent 


J^*J,*^ 


C0« 


Oi 


CO 


ByDif. 


C0« 


OS 


CO 


By Dif- 




Percent 








ference 








ference 


Col.No. 


86 


87 


88 


89 


90 


91 


92 


93 


94 


96 


ft 


44 


45 










84 


85 


86 


88 


b 


56 


57 


139 


140 


141 


142 


143 


144 


145 


146 


1 


22.84 


77.16 


10.69 


8.23 


0.23 


NO. 85 


9.34 


8.98 


0.18 


81.50 


2 


22.98 


7/.07 


9.39 


9.94 


0.18 


go 49 


8.45 


10.40 


0.20 


80.86 


3 


84.67 


65.83 


9.43 


9.52 


0.24 


bO SI 


8.18 


10.58 


0.20 


81.05 


4 


22.95 


77.05 


6.54 


13.18 


0.12 


^0 le 


6.15 


18.47 


0.12 


80.26 


s 


21.49 


78.51 


11.06 


7.84 


0.16 


m Q4 


8.82 


10.15 


0.14 


80.89 





23.55 


76.45 


12.20 


6.87 


0.06 


feO 87 


10.74 


7.88 


0.05 


81.38 


7 


80.07 


60.93 


9.74 


9.31 


0.08 


j!t0.87 


9.14 


0.82 


0.08 


80.96 


8 


26.86 


73.64 


7.80 


11.61 


0.02 


KQ S7 


6.45 


12.86 


0.05 


80.64 





24.87 


75.63 


8.20 


11.16 


0.13 


KO 51 


6.51 


12.97 


0.13 


80.39 


10 


14.96 


85.04 


11.00 


8.14 


0.04 


80 82 


9.72 


9.23 


0.04 


81.01 


11 


21.86 


78.14 


9.78 


8.99 


0.05 


bl.lS 


8.03 


10.90 


0.02 


81.05 


13 


30 34 


69.66 


10.07 


8.75 


0.01 


E\ 17 


7.74 


11.21 


0.00 


81.05 


13 


27, n 


72.88 


12.03 


6.72 


0.05 


b\ 20 


10.49 


8.34 


0.05 


81.12 


14 


20.73 


70.28 


10.70 


8.06 


0.05 


&\ n 


9.58 


0.08 


0.06 


81.88 


15 


23,10 


76.90 


8.54 


11.01 


0.04 


kO II 


7.10 


12.21 


0.04 


80.65 


16 


34^2 


75.48 


9.50 


9.91 


0.01 


hu ^ 


7.79 


11.46 


0.00 


80.75 


17 


30 j3 


60.28 


10.78 


867 


0.04 


HO 51 


8.44 


10.75 


0.03 


80.78 


18 


2» Tfi 


70.22 


10.81 


8.18 


0.05 


t^O M 


7.61 


11.39 


0.04 


St'^ 


10 


30. SI 


79.19 


12.02 


6.84 


0.03 


SI 11 


9.75 


9.88 


0.02 


80.85 


SO 


13.m 


87.00 


7.37 


12.34 


0.01 


yt^2i 


6.35 


18.50 


0.01 


80.14 


21 


31, OS 


68.92 


10.58 


9.17 


0.07 


HO 18 


8.22 


11.36 


0.09 


80.33 


22 


33. Oa 


66.98 


10.68 


7.95 


0.01 


M 3S 


8.63 


10.75 


0.01 


80.61 


23 


55.20 


44.80 


8.23 


11.92 


0.04 


7!) S» 


6.63 


13.17 


0.03 


80.17 


24 


Z2. 15 


67.85 


10.96 


8.84 


0.01 


m.i$ 


8.58 


10.98 


0.01 


80.48 



analysis so far as the furnace is concerned it merely takes this air in and 
heats it. All the heat that is put into it appears in the gas leaving the 
furnace^ the only difference being that there is a larger volume at a lower 
temperature. A failure to utilize this heat would then be due to im- 
perfections in the boiler. 

The arrangement given was, therefore, considered the more practical, 
because the furnace in question is not a separate piece of apparatus for 
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the purpose of heating gases, but is an int^ral part of the unit, and tiie 
heat in the gas below steam temperature is simply not available any more 
than that in the GO, which would ignite and bum if it were not cooled 
by the boiler tvbes. On this basis any excess air taken by the furnace 
would increase the amount of heat unavailable, and this amount should 

Table 13. 
Heat Balance, Based on 1 Lb. of Dry Coal. 





H«atiiig 
Value of 

lLb.oC 
Dry Coal 

B. t.u. 


Heat 
Abeoi1)ed 

B. t.a. 


Furnace Loeees. B. t. a. per Lb. of Dry Coal 


Test 


Unavoidable Loss, np to 
Temperature of Steam 


Controllable Loss 


Ntmibtf 


Due to 
Theoret^ 

ical 
Weight of 
Dry Gas 


Due to 

Moisture 

in 

Coal 


in 
Coal 


Due to 
Bxoess 

Air 


Due to 
CO 
in 
Gas 


Due to 
Combust- 

inAA 


CoLNo. 


96 
50 
62 


97 
186 


98 
189 


99 

196 


100 
198 


101 
206 


102 
309 


108 
811 


10 

13 

16 
16 

18 
19 

ao 

21 
22 
23 
24 


10079 
11637 
11629 
11815 
11983 
11047 
12408 
11821 
12202 
12335 
10954 
11949 
11876 
12184 
11748 
12186 
11921 
11472 
12622 
11179 
10497 
12103 
12153 
11985 


8054 

7909 

^ 

7996 
7986 
7327 
6880 

7181 
7889 
6706 
7249 
8297 
7880 
7695 
7414 
7404 
7249 
8336 
7210 
0618 
7966 
7297 
7695 


500 
617 
629 
623 
632 
637 
660 
616 
667 
676 
583 
647 
647 
662 
624 
662 
647 
607 
691 
568 
581 
652 
681 
640 


257 
248 
234 
250 
352 
246 
226 
830 
217 
236 
210 
232 
235 
231 
211 
216 
213 
214 
191 
301 
335 
168 
245 
295 


431 
434 
439 
446 
449 
447 
472 
441 
466 
469 
366 
454 
455 
459 
441 
461 
435 
432 
566 
482 
483 
494 
526 
496 


271 
306 
364 
867 
292 
201 
426 
641 
641 
356 
387 
379 
216 
317 
547 
464 
304 
267 
221 
725 
290 
846 
568 
337 


106 

135 

136 

118 

97 

28 

55 

47 

127 

28 

14 



29 

39 

34 



22 

30 

13 

9 

50 

7 

27 
7 


733 
884 

1190 
704 
664 
819 
926 
793 
611 
461 
706 
900 
894 
976 
660 
736 
064 

1028 
836 
305 
787 
835 

1300 
574 



be charged against the furnace; that part above steam temperature not 
absorbed by the boiler should be charged against the latter. The air 
leakage loss should be charged to the boiler, because this air went through 
the setting, and not through the furnace. 

This treatment might have been made slightly more rigid by in- 
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eluding the unavoidable losses as a separate set of items charged up to 
the imit as a whole, but in this case ^e efficiency of the unit would not 
have been the product of the boiler efficiency and furnace ^ciency. Any 
arrangement that is made, however, is merely a matter of distribution 
and in no way affects the calculation of the losses themsdves. 

Two items are given in the above heat balance which have not been 



Table 14. 
Heat Balance (Continued). 







Boiler Lones. B. t. 


u. per lb. of Dry Coal 






Above Tempermture of Steam 






Test 








Due to 


Radiation. 


Number 














Doe to 


Due to 


Doe to 


Doe to 

Excess 

Air 


Air 


and 




Theoretical 


Moisture 


Hs 


Leakage 


Unaoooanted> 




Weight of 


in 


in 




for 




Dry Gas 


Coal 


Coal 






Cot No. 

a 
b 


104 


105 


106 


107 


106 


109 


216 


318 


210 


221 


224 


226 


1 


203 


11 


18 


93 


175 


+ 17 


2 


196 


9 


16 


127 


146 


+ 416 


3 


177 


8 


15 


102 


194 


+ 708 


4 


236 


11 


20 


329 


129 


- 


1- 756 


5 


447 


21 


37 


206 


381 


- 


- 450 


6 


353 


16 


29 


112 


179 


- 


- 894 


7 


417 


17 


35 


261 


115 


- 


- 1451 


8 


490 


21 


41 


509 


450 


H 


- 702 





463 


18 


39 


445 


545 


- 


- 872 


10 


MO 


23 


47 


293 


241 


- 


- 1067 


11 


606 


25 


44 


897 


418 


- 


- 506 


12 


656 


28 


55 


383 


608 


■f 355 


IS 


420 


19 


36 


143 


200 


4- 276 
4- 671 


14 


467 


20 


39 


224 


190 


16 


466 


19 


39 


409 


409 


+ 174 


16 


500 


23 


49 


414 


462 


■f 708 


17 


606 


24 


49 


286 


502 


+ 443 


18 


571 


24 


48 


251 


688 


+ 63 


10 


646 


23 


65 


206 


392 


4- 437 


20 


495 


31 


50 


635 


374 


- 6 


21 


515 


36 


53 


256 


451 


+ 34 


22 


606 


19 


55 


322 


421 


4- 192 


23 


553 


25 


53 


460 


544 


— 126 


24 


601 


33 


56 


318 


519 


+ 411 



calculated for this set of tests. They are the heat loss due to moisture 
carried in by the air^ and the heat loss due to the temperature of the 
leaving ash. The moisture loss forms a very small percentage, and can 
not be determined with any very great degree of accuracy. It is true that 
the relative humidily may be found by means of a wet and dry bulb 
hygrometer, but this varies through a considerable range in different parts 
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of the room, and is so affected by purely local conditions that it was not 
considered of much importance. 

It was not possible to obtain a satisfactory temperature of the ash. 
As it leaves the grate the ash is probably in the neighborhood of 1800^ 
F. Part of this heat, however, is given back to the setting and to the 



Table 15. 
Heat Balance (Continued.) 







Furnace Losses, Per Cent of Heat in Dry Coal 




Unavoidable Loss, up to 
Temperature of Steam 


Controllable Loss 


Test 


Heat 
AtMorbed 






















Ntonber 


Percent 


Due to 


Due to 


Due to 


Due to 

Excess 

Air 


Due to 


Due to. 






Theoretical 


Moisture 


Hi 


CO 


Combttsti- 






Weight of 


in 


in 


in 


blem 






Dry Gas 


Coal 


Coal 


Gas 


Ash 


CoLNo. 


110 


111 


lis 


118 


114 


116 


118 


ft 
b 


227 


228 


220 


280 


332 


383 


384 


1 


78.86 


6.87 


2.84 


3.93 


2.47 


0.07 


6.86 


S 


68.65 


6.86 


2.16 


8.76 


8.46 


1.17 


7.66 


8 


68.02 


6.41 


2.01 


8.78 


8.18 


1.17 


10.38 


4 


62.01 


6.27 


2.12 


z.n 


7.84 


1.00 


6.06 


5 


67.01 


6.80 


2.11 


876 


246 


0.81 


6.66 


« 


66 86 


6.88 


2.06 


8.74 


1.68 


0.38 


6.86 


7 


60 05 


6.48 


1.82 


3.80 


8.43 


0.44 


7.46 


8 


68.20 


6.21 


1.96 


8.73 


6.42 


0.40 


6.87 


9 


68.42 


6.43 


1.77 


8.70 


6.21 


1.08 


4.07 


10 


63.96 


6.48 


1.91 


8.80 


8.88 


0.38 


8.66 


11 


61.21 


6.81 


1.02 


8.84 


8.68 


0.13 


6.44 


12 


60 67 


6.41 


1.04 


8.80 


8.17 


0.00 


7.81 


18 


60 87 


6.46 


1.08 


8.83 


1.82 


0.34 


7.83 


14 


64.75 


6.43 


1.00 


8.77 


2.60 


0.33 


8.01 


16 


66.50 


6.81 


1.80 


8.75 


4.66 


0.30 


6.71 


16 


60.84 


6.43 


i.n 


8.78 


8.81 


0.00 


6.07 


17 


62.11 


6.43 


1.70 


8.66 


t.66 


0.10 


8.36 


18 


63.19 


6.20 


1.87 


8.77 


3.83 


0.26 


8.06 


19 


66.04 


6.47 


1.51 


4.48 


1.76 


0.10 


6.63 


30 


64.50 


6.06 


2.60 


4 31 


6.40 


0.06 


3.78 


31 


63.05 


6.63 


8.19 


4.60 


3.76 


0.66 


7.60 


22 


66 98 


6.39 


1.89 


4.08 


8.86 


0.06 


6.00 


28 


60 04 


6.60 


2.02 


4.33 


4 67 


0.33 


10.70 


24 


64.20 


684 


2.46 


4.14 


2.81 


0.06 


4.70 



air entering the furnace. The ash leaving the pit was at a temperature 
of about 600° F.^ but the heat down to this point had not all been utilized 
because a large part of it was dissipated through the walls and door of 
the pit. The true temperature was probably somewhere between these 
two, but owing to the small size of the loss and the uncertainty t^gard- 
ing the temperature it was not considered worth while to calculate the loss. 
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Fig. 30 will give some idea as to the relative magnitude of the several 
In this figure the heat balances for five tjrpical tests have been 
plotted, from which it appears that the controllable losses due to the gases 
escaping at a temperature higher than that of the steam are in all cases 
less than the xmavoidable losses up to the temperature of the steam. 
About the only method of diminishing these losses is by reducing the 



Table 16. 
Heat Balance (Continued). 





Boiler Looms. Per Cent of Heat in Dry Cool 


Test 


Above Temperature of Steam 


Due to 

Air 
Leakage 


Radiation. 


Number 


Due to 

Theoretical 

Weight of 

Dry Gas 


Due to 

Moisture 

in 

Coal 


Due to 

Hs 

in 

Coal 


Due to 

Excess 

Air 


Conduction 

Mid 

for 


CoL No. 


117 
2M 


118 
237 


119 
288 


120 
240 


121 
241 


122 
242 


21 
22 
21 
34 


1.86 
1.72 
1.62 
2.00 
2.76 
2.06 
3.87 
4.14 
8.77 
4.64 
6.14 
6.48 
8.62 
8.83 
8.97 
4.84 
6.10 
4.07 
6.12 
4.43 
4.01 
6.01 
4.66 
6.04 


0.10 
0.08 
0.07 
0.09 
0.18 
0.13 
0.14 
0.18 
0.16 
0.10 
0.28 
0.23 
0.16 
0.16 
0.10 
0.10 
0.20 
0.21 
0.18 
0.28 
0.34 
0.10 
0.21 
0.28 


0.16 
0.14 
0.18 
0.17 
0.31 
0.24 

8.S 

0.82 
0.38 
0.40 
0.46 
0.30 
0.32 
0.33 
0.41 
0.41 
042 
0.62 
0.46 
0.60 
0.46 
0.44 
0.47 


0.86 
1.10 
0.88 
2.78 
1.72 
0.94 
2.10 
4.31 
3.62 
2.38 
3.62 
3.21 
1.20 
1.84 
3.48 
3.40 
2.40 
2.19 
1.63 
6.68 
2.44 
2.66 
3.79 
2.66 


1.69 
1.27 
1.67 
1.09 
8.19 
1.60 
0.93 
3.81 
4.43 
1.96 
3.82 
6.06 
1.68 
1.66 
3.48 
3.79 
4.21 
6.00 
3.11 
3.36 
4.30 
3.48 
4.48 
4.33 


0.16 
3.60 
6.08 
6.40 
3.86 
7.60 
11.70 
603 
7.09 
8.64 
4.61 
2.97 
2.33 
6.61 
1.48 
6.77 
8.71 
0.64 
3.47 

0.82 
1.68 

3.43 



excess air and eliminating air leakage^ since these are the only factors 
which are not at a minimum. 

The largest loss seems to be due to the combustible in the ash. In 
a general way, however, where this is high, the excess air loss is low, 
tests No. 3 and No. 4 indicating this very well. 
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Since the unaccounted-for loss includes the effects of various experi- 
mental errors^ as well as radiation and conduction^ it has no d^uiite re- 
lation to the other losses. It can be reduced^ however, by adequate heat 
insulation for the setting. 

A study of the boiler efficiency and furnace ^ciency in Table 9 
will show that these two are very nearly the same, thus indicating that 
the losses are about equally distributed between them. This should 
afford an easy means of checking them against each other, as any con- 
siderable loss in either one would immediately become apparent 

V. Tests on Weathered Coal. 

Five tests were run on weathered coal. As previously stated, this 
fuel had been placed in bins in January 1908, and formed part of the 
series reported in Engineering Experiment Station Bulletin No. 38, 
"The Weathering of Coal,'' by S. W. Parr and W. P. Wheeler. In Table 
17 may be found a statement of the kind of coal, the conditions of stor- 
age, heating value, and dust content of this fuel. The data concerning 
original size and heating value have been taken from Bulletin No. 38. 

From Table 17 it may be seen that from the physical standpoint, and 
in heating value, the coal had deteriorated considerably from its original 
condition, and that at the time of the tests it was in about the same class as 
the Mission Field screenings. A discussion of the phy^cal and chemical 

Table 17. 
Deterioration Due to Weathering. 







Jan. 1908 


Jan. 1914 


Test 
No. 


Coal 


How 
stored 


Percent 
Passing 

Screen 


B. t. u. 

per Lb. 
Dry Coal 7 
Days After 

Mining 


Per Cent 
Passing 

Screen 


B. t. u. 

per Lb. 

Dry Coal 

at Time of 

Test 


30 
SI 
2S 

33 
24 


Sangamon Co. Nut 
Sangamon Co. Screenings 
Wanamson Co. Nut 
Williamson Co. Screenings 
Veimilion Co. Nut 


Open bin 
Covered bin 
Covered bin 
Covered bin 
Open bin 


1.3 
263 

,1.1 

13.6 


11800 
11684 
12341 
12887 
12412 


31.9 
45.1 
13.9 
42.9 
35.0 


11179 
10497 
12103 
12153 
11965 



properties, however, is outside of the scope of this work, it being con- 
cerned merely with the behavior of this fuel when used in a boiler 
furnace. 
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Fig. 30. Relative Magnitude op Various Losses. 
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Since the samples were limited in qnantity, these were neoeflstrily 
short tests, but every effort was made to maintain uniform conditions, 
and particularly to have the fuel bed in the same condition at the start 
and close, thus reducing the chances of error as much as possible. An 
inspection of the heat balance will prove that no very serious error anwe. 

As the coal appeared to be covered with a coating of ash or day, it 
was expected that considerable trouble would be experienced in burning 
it This, however, did not prove to be the case. On the first test tiie 
coal banked slightly at the water-back^ and the whole amount on tiie 
grate became clinkered. It immediately became evident that in order to 
run at all, the coal had to be kept away from the water-back. After the 
clinker had been removed, a fresh start was made and care was taken to 
keep the fuel bed from four to six inches away f nmi the water-back. When 
this was done no further trouble was experienced. 

All of the tests on the weathered coal were run with a 7-inch fire 
with the exception of test No. 21, which was run with a 6^-inch fire 
because the coal seemed to be broken up finer than the rest In all cases 
but one the fire burned white and did not require much attention. The 
exception was test No. 23. On looking up the firing record, it was 
found that on this test the fire was rather cold and gave evidence of 
being too thick. It was found also that the fire required considerable 
attention, having to be barred and raked much oftener than the rest 
This process, of course, let in air and lowered the CO,. An inq>ection 
of the efficiencies in Table 9 will show that while the boiler efficiency 
compares favorably with the rest, the efficiency of the furnace and grate 
was low. Also, it appears from the heat balance that the loss due to com- 
bustible in the ash was high. A comparison of the dust in this coal 
with that in test No. 21 discloses the fact that they were very nearly the 
same. In that test a 6V^-inch fire was used and the results were satis- 
factory. These facts all lead to the conclusion that a 7-inch fire was 
too thick in the case of test 23, and that the trouble encountered on this 
test should be charged against the lack of experience in handling the 
coal, rather than against the coal itself. The capacity obtained was also 
lower than in the other weathered coal tests. 

A comparison of the draft required for a given rate of combustion 
for the weathered coal with that for the Mission Field screenings is made 
in Fig. 31. Referring to this figure it becomes evident that more draft 
is required to produce a given rate of combustion with the former than 
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Fia 31. Draft Requiked for a Given Kate of Combustion f<» Weathered 
Coal and Mission Field Screenings. 

Table 18. 

Comparison of Dust Content, Mission 
Field Screenings and Weathered Coal. 



Mission Fidd Screenings 


Weathered Coal 


Test No. 


Per Cent Dust 


Test No. 


Percent Dust 


1 
6 
U 
18 
17 


34.8 
19.6 
40.8 
20.3 
84.7 


30 
31 
22 
33 
24 


31.0 
46.1 
13.0 
43.0 

35.0 



with the latter. That this is not caused by dust in the coal may be 
shown by Table 18 and Fig. 18. 

The dnst content of the coals from which the two curves for the 
7-inch fires were plotted is practically the same. In each case there were 
one or two tests in which the dust content was high, and the points rep- 
resenting these fell higher than the curve; i. e., point 12 was off of the 
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curve in Fig. 18, while in Fig. 31 points 21 and 23 were not on the 
curre. In Fig. 18 the points of low dust content are below ihe curve 
for 7-inch fires, while in Fig. 31 all the points are above this cunre, which 
is shown dotted. This se^ns to lead to the conclusion tliat the dust is 
not respon^le for the high draft requirement A possible explanation 
is that this coal is harder to ignite, owing to the partially oxidized con- 
dition indicated by the gray coating on the outside, and therefore it 
requires more draft than the Mission Field coal for a given rate of 
combustion. 

The efficiencies obtained from the weathered coal compare very fa- 
vorably with those obtained f n>m the Mission Field coal. For the sake of 
convenience these have been tabulated for corresponding loads, and are 
shown in Table 19. The average for each set is about 64 per cent, the 
weathered coal showing an advantage at heavier loads. It is also worthy 
of note that greater capacity was obtained with the weathered coal than 
with the screenings, the heat value of both being about the same. 

On comparing firing sheets, it was also found that on the whole, 
when weathered coal was being used, the fires required less attrition, 
such as slicing and raking, than they did when fresh screenings were 
being used. 

Table 19. 

Comparison of Boiler Performances on 
Mission Field and Weathered Coal. 



Mission Field Coal 


Weathered Coal 


Test 
No. 


Boiler H. P. 
Developed 


Efficiency of 

Boiler. Furnace 

and Grate 


Test 
No. 


Boiler H. P. 
Developed 


Efficiency of 

Boiler. Ptimace 

and Grate 


10 
11 
12 
13 
H 
15 
16 


564 
5M.6 
572.7 
589.0 
556.9 
506.6 
644.0 


63.96 
61.31 
60.67 
69.87 
64.75 
65.50 
60.84 


20 
21 
22 
23 

24 


568.5 

567.2 
727.1 
509.6 
666.0 


64 50 
63 06 
66 98 
60.04 
64.90 



VI. Summary and Conclusions. 

General Conclusions. — 1. The over-all efficiency of the unit test^, 
under the average conditions which prevailed during the tests, and when 
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developing in the neighborhood of 550 boiler horsepower, is about 64 
per cent 

2. The best thickness of fire for Mission Field screenings is about 
7 or 7^ inches^ depending upon the amount of fine material in the coal. 

3. The maximum capacity developed was 768 boiler horsepower. 
This was obtained from pea coal with a 7-inch fuel bed and a draft 
over the fire of 0.375 inches of water. 

4. The best rate of combustion is about 26 pounds of dry coal per 
sq. ft of grate surface per hour. The drafts over the fire required to 
give this rate are as follows : 0.18 in. water for a 6-in. fire, 0.22 in. water 
for a 7-in fire, 0.29 in. water for an 8-in. fire, and 0.52 in. water for a 
9%-in. fire. 

5. The greatest losses were due to combustible in the ash, excess 
air, and air leakage. 

6. The smallest loss was that due to the formation of CO. 

7. With the exception of the air leakage loss, which can be prac- 
tically eliminated without affecting any of the others, the rest of the 
losses are to some extent interrelated, and there are certain well defined 
limits within which the excess air must be maintained in order to re- 
duce the others to a minimum. This is approximately 30 to 40 per cent 

8. The sum of the excess air loss and the loss due to combustible 
in the ash was nearly constant. It amounted to about 14 per cent, and 
a decrease in one source of loss could be accomplished only by an increase 
in the other. Hence the formation of GO was tfad factor having the 
greatest bearing on the extent to which excess air could be reduced. The 
latter could be decreased until GO appeared in excess. 

9. The percentage of CO2 depends to some extent on the attention 
required by the fire. The CO^ was low on the tests during which the 
side door had to be frequently opened in order to allow barring and 
raking of the fire. 

10. The form of baffling shown in Fig. 1 and used on these tests 
makes the maintenance of high furnace temperatures possible, and re- 
duces the amount of smoke formed. 

11. This form of baffling gives trouble due to the difficulty in re- 
moving the soot which collects in the comer where the first baffle joins 
the tile roof of the furnace. 

21. Conclusions Relative to Weathered Coal. — 12. Burning weath- 
ered coal is largely a question of correct handling and ignition. Un- 
der these circumstances it gives as good results as fresh screenings. It 
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must be borne in mind, however, that the conclusions drawn from tiie 
weathered coal tests are based solely on the burning of this fuel and do 
not deal with the deterioration in storage. In making comparisons it 
must also be noted that from the physical and chemical standpoint the 
original fuel had deteriorated and that at the time it was used it was 
on a basis of equality with the Mission Field screenings. 

13. Weathered coal requires a little thinner fire and more draft 
than fresh screenings. 

14. When using weathered coal the fuel bed should not approadi 
any nearer to the water-back than from 4 to 6 inches, otherwise trouble 
with clinker is experienced. 

15. Practically as high capacity was obtained with weathered coal 
as with the other coals used, and, if anything, the fuel bed required less 
attention. 
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APPENDIX. 
Formulas and Forms for Calculating Boiler Trials. 

Owing to the fact that the adding machine probably is the only 
tjfe of calculating machine on which more than one mathematical process 
can be performed without resetting^ it has been considered adyantageons 
to arrange the code employed in calculating the results of these tests so 
that each item contains but one such process, except in the case of addi- 
tions. A complicated formula may, therefore, be q>read out over a num- 
ber of items in the code. This form is convenient when a large number 
of tests are to be calculated, in that all like operations are grouped, so 
that in many cases a saviilg can be made in the number of resettings 
required on the machine. The code can also be arranged in columnar 
form, with the mathematical operation indicated at the head of eadi 
colxmm, and the calculations may be made by a clerk having little knowl- 
edge of the technical significance of the processes involved. In such 
cases, however, considerable care must be exercised, and plus and minus 
signs rigorously observed. 

Since, in the main, the methods of calculation recommended in the 
American Society of Mechanical Engineers' Boiler Code have been fol- 
lowed, it will not be necessary to discuss all of the items. In some cases, 
however, a departure has been made, and it has been thought advisable 
to take up these items and discuss the methods and formulas used in their 
calculation. In the following discussion the numbers refer to the cal- 
culating code given on pages 62 to 72. 

Item 29. Weight of Combustible Consumed. 

It is usual to r^ard all of the coal as combustible, after deducting 
the ash and moisture. This being the case, the weight of combustible 

firedpn the grates is Tf ( 1 j , in which W is the weight of dry 

coal and a the percentage of ash taken from the analysis of the dry coal. 
Of this combustible, part goes through the grate in the form of uncon- 
sumed carbon. No essential error is made in regarding all of the com- 

bustible in the ash as carbon. Then the actual weight is — ^, where TF, 

® 100 * 
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iB the actual weight of ash and refuse, and c is the percentage of carbon 
taken from an analysis of the ash and refuse. Therefore : 

f a \ W^c 

Item 29 = Wl 1 — Tt^i — Taa* ^^^ ^^ ^* sometimes simply taken as the 

diiference, {W— W^). This is in error, however, because all of the ash 
coining from the coal consumed may not appear in the weighed ash and 
refuse, for part of it is carried over the bridge wall in the form of fine 
dust A larger source of error, however, is due to the fact that tiie fuel 
bed itself may contain more or less ash at the close than it did at the start 
of the test Owing to this cause it is found that the result obtained by 
the simple subtraction is sometimes greater and at other times less than 
that obtained by making use of the analyses as outlined above. 

Hems SI to 66. Coal analyses. 

Where analyses are made direct on the samples of coal as fired, and 
both proximate and ultimate analyses reported by the chemist, the cal- 
culations included here are unnecessary. In the present case, however, 
the samples wer$ partly dried before they were sent to the chemist^ and 
the ultimate analyses were calculated from the individual proximate 
analyses and a composite ash, sulphur, and moisture free analysis. 

In order to reduce the analyses as reported by the chemist to terms 
of coal as fired, each constituent had to be multiplied by the factor, 

per cent moisture lost before analysis 

^* 100 ' — ^' 

The separate ultimate analyses were then obtained by multiplying 
each constituent in the composite ash, sulphur, and moisture free analysis 
by the factor, 

. per cent ash in dry coal-fper cent sulphur in dry coal . , . , , 

100 
tained from the individual proximate analyses. The ash and sulphur in 
the dry coal were obtained by dividing the ash and sulphur in coal as 
fired by the factor, 

per cent moisture in coal as fired . 

^'-- 106 >•" 

Item 110. Corrected total weight of water fed to boUer. 

The ultimate object of a boiler trial is to find the relation existing 
between the heat taken up by the boiler, and the heat supplied in the coal. 
It is, therefore, in reality a heat analysis. Since, however, items are not 
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included in the standard code whereby these heat quantities may be 
separately tabulated, any heat with which the boiler is debited or credited 
that is not directly included in the weight of coal or water must be re- 
duced to terms of one of these two, and added to or subtracted from the 
actual weighed amount. In order to put them into shape so that they 
may be conyeniently handled in subsequent calculations, the usual method 
is to reduce all such quantities to terms of water. The following are 
some of the items that must be taken account of in this manner: (1) 
difference in water level at the start from that at the end of a test, 
(2) difference in pressure at the start from that at the end, (3) leak- 
age from blow-off, etc., (4) heat going into the circulating water from 
the water-back in case it is not returned to the feed water at a point 
closer to the boiler tiian that at which the temperature of the latter is 
taken. Of these, No. 1 and No. 2 can be combined and treated under 
two heads. 

Let W = weight of water in the boiler. 

q = heat of the liquid. 

r = latent heat of steam. 

X = quality of steam. 

Also let the subscript 1 refer to initial, the subscript 2 to the final, 
and the subscript to average conditions in the boiler, and the subscript 
3 to feed water conditions. 

If the water level is higher at the close than at the start, the heat 
that has gone into the excess water, and into the change in the heat of 
the liquid due to the change in pressure, is the difference between the 
total heat in the water in the boiler at the close and that at the start. 
Or, taking all heat quantities above that of the liquid at feed water tem- 
perature it is : 

^f (?2-?«)-l»^i(?i-?8). 

The water that this amount of heat would have evaporated into steam 

, ,. ^t(?2-?«)-'W^i(?i-?3) 

as generated is; j . 

ffo + ^o^o — ?a 

This should be credited back to the boiler, after the difference be- 
tween final and initial weights of water has been subtracted ; or writing 
the total correction to automatically take care of signs, and calling the 
correction W, 

1^^. (?«-?») -^i(?i- 93) 



W= {W,'-W,) + 



?o + ^0^*0 "" 9a 
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The case in which the water level is lower at the close than at the 
start is somewhat different from the above. In this event, all of the water 
in the boiler at the close of the test has been changed from a heat state 
represented by q^, to one represented by q^, while a weight corresponding 
to (H^i — TF,) has been evaporated. Since we do not know the exact 
conditions under which the latter took place, about the only assumption 
warranted is that it took place under the average conditions of the test 
The total heat change to be taken into account then is : 

W, {q, - gO + {W, - W,) (q, + XoTo " ?i). 
Galling the equivalent amount of water, or the correction, W'^, 
^..^ ^«(g«-gi) + (^i-"W,) (go+gpro-g,) jj 

On expanding equations I and II, and collecting the terms^ it be- 
comes evident that they both reduce to the same expression, which is: 

|f'"_;i^ (go + ^0^0 "~ gi) "" ^» (go +^0^0 "" ?») jji 

' go + a^oTo-gs 

Equation III has been made use of in the code for the combined cor- 
rections for changes in pressure and water levels. In case a blow-off leaks, 
or hot water is lost from any other point in the boiler, the heat loss may 
easily be seen to be Tf 4 (go ~ ?») > in which W^ = the weight of water leak- 
ing out The correction then is: 



^v=rjMgizifLl-Tf,. 

Lgo + i«^o^-gsJ 



If the water back forms part of the circulating system of the boiler, 
or the water is returned at a point nearer to the boiler than that at which 
the temperature of the feed water is read, no account need be taken of it 
If this is not the case, however, the water back should be regarded as 
part of the heating surface of the boiler, and the heat going to it credited 
to the latter. 

Let TF5 = weight of water going through the water back, and ii its 
initial and if its final temperature. Then the correction, W^, is 

go+ a^o^o-gs 
Designating by W the total amount of water weighed to boiler, cor- 
rected for tank levels and items which do not include heat quantities, 
Item 110 = TF + W" + W^ + W^. 
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Item 111. Factor of evaporation. 

In this code the water evaporated has not been reduced to dry steam 
and the dry steam then reduced to equivalent evaporation, but the reduc- 
tion from steam as generated to equivalent evaporation has been made 
in one step, making use of the ''total'' or ''true" factor of evaporation!: 

p_ qj^ + ^Qr^—qz 

970.4 
in which i^ = factor of evaporation, jo^^eat of the liquid at boiler 
pressure, x^ = quality of steam, r^ = latent heat at boiler pressure, and 
q^ = heat of the liquid at feed water temperature. 

Item 126. Heal available for use by the hoUer. 

The heat available for use by the boiler has been r^^rded as all of 
the heat in the gas leaving the furnace, computed above the temperature 
of the steam in the boiler. This is equal to the heating value per pound 
of diy coal minus the furnace losses per pound of dry coal, up to the 
temperature of the steam in the boiler. 

Hem ISS. Efficiency of boiler, furnace, and grates, based on zero 
air leakage. 

This is an hypothetical quantity that permits pf no rigid solution, 
and has been partly discussed on page 21. Of a number of possible 
assumptions the following seem to be the most tenable. All of tiie heat 
supplied to the boiler comes from the heat in the coal (J7). A certain 
portion of this (H^) is absorbed by the water in the boiler, and the rest 
goes to losses, of which the air leakage loss (H^) is one. If there had 
been no loss due to air leakage, the heat (H^) would have been available 
for absorption by the water. Since this process would not have taken 
place at 100 per cent efficiency, it seems reasonable to assume that it 
would have done so at the efficiency of the boiler alone. If we designate 
the latter by {e)y then the probable heat absorption would have been: 

ffj + eF„ and Item 133 = — ' _ '. 

H 

Item 16S. Theoretical weight of dry gas per lb. of dry coai. 

Theoretically the gas given off per lb. of dry coal should consist of 
the sum of the products of combustion of the carbon and sulphur in the 
ooal, plus the nitrogen carried in with the air necessary for the complete 
combustion of all tiie combustible constituents, including the hydrogen, 
ldu8 the nitrogen in the coal. Since some of the oxygen for combustion 
came from the free 0^ in the coal, the nitrogen equivalent of this should 
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be deducted from the aboTe. Letting (7 = per cent carbon in dry coal, 
flf = per cent sulphur, ir, = per cent hydrogen, jr, = per cent nitrogen, 
and 0^ = per cent oxygen, the corresponding weights of each constituent 
in the dry coal will be 1/100 of each of the above. 

From the stoichiometric relations, the sum of these products of com- 
bustion may now be deduced, or 
Item 163 = 0.1261 (C) + 0.0635 (8) + 0.268 (ff,) + 0.01 (N^) — 

0.0336 (0,). 
Item 162. Actual weight of dry gas per lb. of dry coal. 
This calculation is based on the fact that all of the carbon in the 
coal which was actually burned, appears in the gas. 

If COx, CO, and 0, represent the parts by volume of the constituents 
in a given volume of flue gas, the parts by weight may be found by mnl- 
tiplying the above by their corresponding molecular weights. The sum 
of these relative weights in the flue gas is, 44 (CO,) + 28 (CO +2^,) + 
32 (0,) . The relative weight of the C in the same volume is 12 {CO^ + 
CO). Hence the wei^t of gas per lb. of carbon consumed is: 
44 (CO;) + 28 {CO + N^) + 32 (0,) 
12 (CO, + CO) 

11 (CO^) +7(C0 + N^) + 8 (0,) ' 
3(C0,+C0) . 
Since N^ is always determined by difference : N^ = 100 — (CO^ + 
CO + O2), and the above reduces to: weight of gas per lb. carbon con- 

sumed = ll^£!l±^i±!^. 
3 (CO, + CO) 

Let Wi = weight of dry coal fired, W^ = weight of ash and refuse, 
(a) = per cent carbon in dry coal and (6) per cent carbon in ash. Then 
the weight of carbon actually consumed per lb. of dry coal = 

0.01W,a-0.0lF,6 ^ ^^ ^^^ 
1= 1 — , and Item 162 = 

4 (CO,) +0, + 700 1 



ro.01(Tf,a-TF,6) ir 



3 (CO^ + CO) J 

This is slightiy in error due to the fact that 80 ^ is formed from the 
sulphur in the coal. Part of this is absorbed by the water in the sampling 
apparatus, while some of it probably goes into the KOH pipette, and thus 
appears in the analysis as CO2' It would be rather difScult to determine 



Digitized by 



Google 



KBATZ-— A STUDY OF BOILER L0B8BB 61 

the exact diEtributioii of these two. However, a simple calculation will 
show that the TnaxiTnum error due to this source does not exceed 0.2 per 
cent. 

Item 174* Theoretical weight of air per lb. of dry coal. 

This can be calculated directly from the stoichiometric relations 
and the analysis of the coaL 

. If C, H^ 8, and 0^ represent the percentage by weight of the vari- 
ons conatitnents in the coal, then the weight of 0^ required is 0.0867 (C) 
+ 0.08 (ff,) +0.01 (8) -0.01 (0,), and, 

0.0267(0)+ 0.08 (£r,) + 0.01 (5) - 0.01 (0,) 

Item 174= — — = 

0.23 

0.116 (C) +0.348 (£r,) +0.0435 (5-0,). 

Item 177. Actual weight of air per lb. of dry coal. 

All of the N^ appearing in the gas, with the exception of that already 
in the ooal, came from the air taken into the furnace. By a line of rea- 
soning similar to that discussed under Item 162, it may be shown that 



the weight of N, per lb. of carbon consamed =' 



Then the wei^t of air per lb. of carbon consamed = 



3 ((70, + 00) 



0.33 (CO, + 00) 

Taking the weight of carbon consumed per lb. of dry coal from the dis- 
casdon under Item 162, 

Item 177= |_ J [ 0.33 (00, + 00) I' 
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FORMS FOR CALCULATING BOILER TRIALS. 

(1) Test number. 

(2) Date. 

(3) Duration^ hrs. 

(4) Orate surface, sq. ft 

(5) Water heating surface, sq. ft. 

(6) Barometer reading, inches of Hg. 

(7) Atmospheric pressure, lb. per sq. in.; 0.491 (Item 6). 

(8) Steam pressure, lb. per sq. in. gage. 

(9) Steam pressure, lb. per sq. in. absolute; (Item 8) + (Item 7). 

(10) Draft between damper and boiler, in. water. 

(11) Draft at end of 3rd pass, in. water. 

(12) Draft between 1st and 2nd pass, in. water. 

(13) Draft at end of combustion chamber, in. water. 

(14) Draft over fire in furnace, in. water. 

(15) Draft in ash pit, in. water. 

(16) Temperature of outside air, deg. F. 

(17) Temperature of fire room, deg. F. 

(18) Temperature of steam, deg. F. 

(19) Temperature of feed water, at boiler, deg. F. 

(20) Temperature of ash, deg. F. 

(21) Temperature of gas escaping from boiler, deg. F. 

(22) Weight of coal fired, lb. 

(24) Weight of dry coal fired, lb.; (Item 22) (Item 23). 

(25) Total ash and refuse, lb. 

(26) (1-?*^2J1-). 

(S7) Weight of combnstible fired, lb.; (Item 24) (Item 26). 

(28) Weight of carbon in ash, lb. ; (Item 25) (Item 56) . 

(29) Weight of combustible consumed, lb.; (Item 27) — (Item 28). 
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(30) Per cent ash and refuse in dry coal ; -JjT r-j^ X 100. 

PBOXnCATB ANALYSIS (COAL AS RBOBXYED BY GHBMISX). 

(31) Fixed carbon, per cent. 

(32) Volatile, per cent. 

(33) Moisture, per cent. 

(34) Ash, per cent 

(35) Sulphur (separately determined), per cent 

(36) Moisture loss previous to sending to chemist, per cent. 

(3.) 1-ffi^. 

PROXIMATB ANALYSIS (COAL AS FIBED). 

(38) Fixed carbon, per cent; (Item 37) (Item 31). 

(39) Volatile, per cent; (Item 37) (Item 32). 

(40) Moisture (as receiyed by chemist reduced to coal as fired), per 

cent; (Item 37) (Item 33). 

(41) Total moisture in coal as fired, per cent; (Item 40) + (Item 36). 

(42) Ash, per cent; (Item 37) (Item 34). 

(43) Sulphur (separately determined), per cent; (Item 37) (Item 

35). 

ULTIMATE ANALYSIS (ASH^ MOISTUBB, AND SULPHUB FBBB GOAL). 

(44) Carbon, per cent. 
(46) Hydrogen, per cent. 

(46) Oxygen, per cent. 

(47) Nitrogen, per cent. 

(48) (Item 54) + (Item 56). 

(49) l-il*52ja. 
^ ^ ^ 100 

ULTIMATE ANALYSIS (dBY OOAL). 

(60) Carbon (C), per cent; (Item 49) (Item 44). 

(61) Hydrogen (H,), per cent; (Item 49) (Item 45). 

(62) Oxygen (Oj,), per cent; (Item 49) (Item 46). 

(63) Nitrogen (N,), per cent; (Item 49) (Item 47). 

(64) Sulphur (S), per cent; |I^||1 . 

(65) Ash, per cent; iig^. 
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ANALYSIS OF ASH (DBT). 

(66) Carbon, per cent 

(57) Earthy matter, per cent. 

(58) Dry coal fired per hour, lb. ; ^=7- ^ • 

(59) CiHnbastible ccmaomed per hour, lb.; ^, 5^' 

(60) Dry coal per sq. ft of grate surface per hour, lb.; /tx^ — tt-- 

(61) Combustible per sq. ft of water heating surface per hour, lb.; 

(Item 59) 
(Item 5)* 

(62) Calorific value per lb. of dry coal, by calorimeter, B. t u. 

(63) Calorific value per lb. of combustible, by calorimeter, B. t u.; 

(Item 68) 
(Item 26) ' 

(64) Temperature in atmospheric side of calorimeter, deg. F. 

(65) Superheat in calorimeter, deg. F; (Item 64) — 211.5. 

(66) Quality of steam (x^^) ; from Marks and Davis chart. 

(67) Total weight of water, from weighing tanks, lb. 

(68) Initial height in feed tank, in. 

(69) Final height in feed tank, in. 

(70) (Item 68) -(Item 69). 

(71) Weight of water per inch of tank, lb. 

(72) Feed tank correction; (Item 70) (Item 71). 

(73) Initial height of water in gage glass, in. 

(74) Final height of water in gage glass, in. 

(75) Initial steam pressure, lb. per sq. in. gage. 

(76) Initial steam pressure, lb. per sq. in. absolute; (Item 76) + 

(Item 7). 

(77) Final steam pressure, lb. per sq. in. gage. 

(78) Final steam pressure, lb. per sq. in. absolute; (Item 77) + 

(Item 7). 

(79) Density of water at initial pressure, lb. per cu. ft 

(80) Density of water at final pressure, lb. per cu. ft. 

(81) Initial volume of water in boiler, cu. ft 

(82) Final volume of water in boiler, cu. ft. 
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(83) Initial wei^t of water in boiler (W^), lb.; (Item 79) (Item 
81). 
Final weight of water in boUer (ff,), lb.; (Item 80) (Item 82). 
Heat of the liquid at initial steun pressore (qi), B. t. n. 
Heat of the liquid at final steam preBsure (q^), B. t n. 
Heat of the liquid at aTerage steam pressure (q^), B. t. u. 
Heat of the liquid at feed water temperature (q^), B. t u. 
Latent heat at average steam pressure (%), B. t. u. 
Weight of water to water-back^ lb. 
Temperature of water entering water-back, deg. F. 
Temperature of water leaving water-back, deg. F. 
Total wei^t of hot water leakage from blow-offs, etc., lb. 
x^r^; (Item 66) (Item 89). 
?o + a^o^; (Item 94) + (Item 87). 
^• + ^#^o"-?i; (Item 96) — (Item 85). 
^i (9o + a^o^-9i); (Item 83) (Item 96). 
qo + ^oro — ^t, (Item 95) — (Item 86). 
Wt (?t + iPon-?2); (Item 84) (Item 98). 
^1 (?o + ^0^0 - ?i) - T^i (?o + a?o^o - 9t) ; (Item 97) - (Item 

99). 
9o + ^0^0 — ?s ; (Item 95) — (Item 88) . 



(Item 100) 
(Item 101) 



Correction for pressure and boiler level, lb. 

(Item 92) -(Item 91). 
(Item 90) (Item 103). 

Water-back correction; -7^^^ — —^ • 

(Item 101) 

(Item 87) — (Item 88). 

(Item 106) (Item 93). 

Steam equivalent of blow-off leak;— ^yj^ Toil* 

Correction for leakage from blow-off, etc.; (Item 93) — (Item 

108). 
Total weight of water to boiler, corrected; (Item 67) + (Item 

72) + (Item 102) + (Item 105) + (Item 109). 

(Item 101) 



Factor of evaporation ; 



970.4 
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(112) Equivalent evaporation from and at 812° F., lb.; 

(Item 110) (Item 111). 

(113) Equivalent evaporation per hr., lb.; _(Item_112)^ 

(Item 3) 

(114) Equivalent evaporation per sq. ft. of water heating surface per 

. ,, (Item 113) 
^^•'^^•' (Items) • 

(115) Horsepower developed ; -^ — 5^-^ — - • 

(116) Builder^B rated horsepower. 

(117) Percentage of builder's rating developed^ per cent; 

(Item 116) 

(118) Water apparently evaporated per lb. of coal fired, lb. ; jjr 5^- 

(119) Equivalent evaporation per lb. of coal fired, lb.; y^i^ r^ • 

(120) Equivalent evaporation per lb. of dry coal, lb.; -^ r-^- 

(121) Equivalent evaporation per lb. of combustible consumed, lb.; 

(Item 112) 
(Item 29)' 

(122) Heat absorbed by boiler per lb. of combustible ccmsumed, B. t u.; 

970.4 (Item 121). 

(123) EflSciency of boiler and furnace excluding grate, per cent; 

(Item 122) 
^"" (Item 63) 

(124) Efficiency of boiler, furnace, and grate, per cent; 

(Item 186) 
^ (Item 62) ' 
(126) (Item 189) + (Item 196) + (Item 198) + (Item 204) + (Item 
206) + (Item 209) + (Item 211) + (Item 214). 

(126) Heat available for use by boiler, B. t. u.; (Item 62) — (Item 

126). 

(127) EflBciency of furnace and grate, per cent; 100 •JjT' gn^' 
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(128) Efficiency of boiler, per cent; 100 S;^ \l^2 • 

(129) (Item 62) - (Item 211). 

(130) Efficiency of furnace, per cent; 100 S!?^ ?oq? ' 

,.«.x (Item 224) (Item 128) 

^ ^ 100 

(132) (Item 186) + (Item 131). 

(133) Over-all efficiency based on zero air leakage, per cent; 

(Item 132) 
^^ (Item 62) 

(134) Cost of coal per ton of 2,000 lb., dollars. 

(135) Tons of coal per 1,000 lb. of water apparently evaporated; 

0.5 
(Item 118) ' 

(136) Cost of coal to evaporate 1,000 lb. of water under observed con- 

ditions, dollars; (Item 134) (Item 135). 

(137) Tons of coal per 1,000 lb. of water evaporated from and at 212** P. ; 

0.5 
(Item 119)' 

(138) Cost of coal to evaporate 1,000 lb. of water from and at 212'*P., 

doUars; (Item 134) (Item 137). 

ANALYSIS OF DRY GAB AT FUBNAOB. 

(139) CO2, per cent. 

(140) 0^ per cent. 

(141) CO, per cent. 

(142) N, (by difference), per cent. 

t 

ANALYSIS OF DBY GAB AT FLUB. 

(143) CO^ per cent. 

(144) 0^ per cent. 

(145) CO, per cent 

(146) N, (by difference), per cent. 

(147) 0:i&61 (Item 50). I 

(148) 0.0535 (Item 54). 

(149) 0.268 (Item 51). 
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(150) 0.01 (Item 53). 

(161) 0.0335 (Item 52). 

(162) (Item 147) + (Item 148) + (Item 149) + (Item 150). 

(153) Theoretical dry gas for complete combustion per lb. of dry coal, 

lb.; (Item 152) - (Item 151). 

(154) 4 (Item 139). 

(155) (Item 154) + (Item 140) + 700. 

(156) (Item 139) + (Item 141). 

(157) 3 (Item 156). 

(158) Actual weight of dry gas per lb. of carbon consumed, at furnace, 

. (Item 155) 
' (Item 157) 

(159) Total weight of carbon fired, lb.; (Ite" ^) (Item 50) 



100 

(160) Weight of carbon consumed, lb.; (Item 159) — (Item 28). 

(161) Weight of carbon consumed per lb. of dry coal fired, lb.; 

(Item 160) 

(Item 24)' ' 

(162) Actual weight of gas per lb. of dry coal, at furnace, lb.; (Item 

161) (Item 158). 

(163) 4 (Item 143). 

(164) (Item 163) + (Item 144) + 700. 

(165) (Item 143) + (Item 145). 

(166) 3 (Item 165). 

(167) Actual weight of gas per lb. of carbon consumed, at flue, ii>.; 

(Item 164) 
(Item 166) " 

(168) Actual weight of dry gas per lb. of dry coal, at flue, lb.; (Item 

161) (Item 167). 

(169) 0.116 (Item 50). 

(170) 0.348 (Item 51). 

(171) (Item 52) - (Item 54). 

(172) 0.0435 (Item 171). 

(173) (Item 169) + (Item 170). 

( 174) Theoretical weight of air per lb. of dry coal, for complete combus- 

tion, lb.; (Item 173) - (Item 172). 

(175) 0.33 (Item 156). 
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(176) Actual weight of air per lb. of carbon consumed, at furnace, lb. ; 

(Item 142) 
(Item 175)' 

(177) Actual weight of air per lb. of dry coal, at furnace, lb.; (Item 

161) (Item 176). 

(178) 0.33 (Item 165). 

(179) Actual weight of air per lb. of carbon consumed, at flue, lb.; 

(Item 146) 
(Item 178) * 

(180) Actual weight of air per lb. of dry coal, at flue, lb. ; (Item 161) 

X (Item 179). 

(181) Weight of air leakage, per lb. of dry coal, lb.; (Item 180) — 

(Item 177). 

(182) Weight of excess air per lb. of dry coal, at furnace, lb.; (Item 

177) - (Item 174). 

(183) Per cent excess air, at furnace; 100 -7=1 tztt' 

' ' (Item 174) 

(184) Weight of excess air per lb. of dry coal, at flue, lb.; (Item 180) 

— (Item 174). 

(185) Per cent excess air, at flue ; 100 j!!^ ??.t? ' 

(Item 174) 

HEAT BALANCE. 

(186) Heat absorbed by boiler per lb. of dry coal, B. t. u. ; 970.4 (Item 

120). 

(187) (Item 18) - (Item 17). 

(188) 0.24 (Item 153). 

(189) Loss due to theoretical gas up to temperature of steam, B. t. u. ; 

(Item 188) (Item 187). 

(190) 212- (Item 17). 

(191) (Item 18) -212. 

(192) 0.6 (Item 191). 

(193) 970.4 + (Item 190) + (Item 192). 

(194) 0.01 (Item 22) (Item 41). 

(195) <^*^ ^^> . 
^ ^ (Item 24) 

(196) Loss due to moisture in coal, up to steam temperature, B. t. u. ; 

(Item 196) (Item 193). 
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(197) 0.09 (Item 61). 

(198) Loss due to H, in coal, up to steam temperature, B. t. n.; 

(Item 197) (Item 193). 

(199) Wet bulb reading, deg. F. 

(200) Dry bulb reading, deg. F. 

(201) Grains of moisture per lb. of air (from Carrier's chart). 

/«««x T 1. • X- It • (Item 201) 

(202) Lb. moisture per lb. air; ^ — Tmm~' 

(203) Moisture from air per lb. dry coal, lb.; (Item 177) (Item 202). 

(204) Loss due to moisture in air, up to steam temperature, B. t. Q.; 

(Item 203) (Item 193). 
(206) 0.24 (Item 182). 
(206) Loss due to excess air, up to steam temperature, B. t. u.; (Item 

205) (Item 187). 

(Item 146) . 

(Item 165)' 

(208) 10,140 (Item 207). 

(209) Loss due to CO formed, B. t u.; (Item 208) (Item 161). 

/«,«x (Item 28) 
<«1«) (Item 24) ' 

(211) Loss due to combustible in ash, B. t. u.; 14,640 (Item 210). 

(212) (Item 20) - (Item 17) . 

(213) 0.28 (Item 212). 

(214) Loss due to temperature of leaving ash and refuse, B. t. n.; 

0.01 (Item 30) (Item 213). 
(216) (Item 21) - (Item 18). 

(216) Loss due to theoretical dry gas, above steam temperature, B. 

t u.; (Item 216) (Item 188). 

(217) 0.5 (Item 215). 

(218) Loss due to moisture in coal, above steam temperature, B. t. n.; 

(Item 195) (Item 217). 

(219) Loss due to H, in coal, above steam temperature, B. t. u.; (Item 

197) (Item 217). 

(220) Loss due to moisture in air, above steam temperature, B. t. n. ; 

(Item 203) (Item 217). 

(221) Loss due to excess air, above steam temperature, B. t. u.; (Item 

216) (Item 206). 
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(222) (Item 21) -(Item 17). 

(223) 0.24 (Item 222). 

(224) Loss due to air leakage, total, B. t. u.; (Item 181) (Item 223). 

(225) (Item 186) + (Item 216) + (Item 218) + (Item 219) + (Item 

220) + (Item 221) + (Item 224). 

(226) Eadiation, conduction, and unaccounted-for loss, B. t. u.; (Item 

126) — (Item 225). 

(227) Heat absorbed by boiler, per cent: yz- ^^, - 

(228) Loss due to theoretical gas, up to steam temperature, per cent; 

100 (Item 189) 
(Item 62) 

w 

(229) Loss due to moisture in coal, up to steam temperature, per cent; 

100 (Item 196) 
(Item 62) 

(230) Loss due to Hj in coal, up to steam temperature, per cent; 

100 (Item 198) 
(Item 62) 

(231) Loss due to moisture in air, up to steam temperature, per cent; 

100 (Item 204) 
(Item 62) 

(232) Loss due to excess air, up to steam temperature, per cent; 

100 (Item 206) 
(Item 62) 

/«oo^ X J X A./^ ^ J ^100 (Item 209) 

(233) Loss due to CO formed, per cent; 777 ■—: — - • 

^ ' J 1 ' (Item 62) 

(234) Loss due to combustible in ash, per cent; rrr ■;:7r. — ^' 

^ ' ^ r 7 (Item 62) 

(235) Loss due to temperature of ash and refuse, per cent; 

100 (Item 214) 
(Item 62) 

(236) Loss due to theoretical gas, above steam temperature, per oont; 

100 (Item 216) 
(Item 62) 

(237) Ix)ss due to moisture in coal, above steam temperature, por rent; 

100 (Item 218) 
(Item 62) 
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(238) L088 due to H, in coal^ above steam temperature^ per cent; 

100 (Item 219) 
(Item 62) 

(239) Loss due to moisture in air, above steam temperature, per cent; 

100 (Item 220) 
(Item 62) 

(240) Loss due to excess air, above steam temperature, per cent; 

100 (Item 221) 
(Item 62) 

(241) Loss due to air leakage, total, per cent; -j^ — r 

(242) Radiation, conduction, and unaccounted-fot loss, per cent; 

100 (Item 226) . 
(Item 62) 
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THE Eogixieeriiig Experiment Station was established by act of 
tbe Board of Truste^^ December 8» 1903. It is the purpose of ' 
the Station to carry on investigatioiis along various lines of engi- 
neering and to study problems of importfoiee to professional engineers 
and to the manufacturing, railway, mining, eonstructional, aiui indus- 
trial interests of the State. 

The control of the Engineering Experiment Station is vested in 
the heads of the several d^artments of the College of Engineering. ' 
These constitute the Station. Staff and, with tlie Director, determine 
the character of the investigations to be undertaken. The work is 
carried on under the supervision of thei staff^ sometime by research 
fellows as graduate work, sometimes by members of the instructional 
staff of the College of Engineering, but more frequently by investi- 
gators belonging to the Station corps. . 

The results of these investigations are puUlshed in the form of 
bulletins, which record mostly the experiments of the Station's own 
staff of investigators. There will also be issued from time to time in 
the form of circulars, compilations giving the results of the experi- 
ments of engineers, industrial works, technical institutions, and 
governmental testing departments. 

The volmne and number at the top of the title page of the cover 
are merely arbitrary numbers and refer to the general publications of 
the University of Illinois; eitTt^r above the HUe or below ihe seal is 
given the number of the Engineering Experiment StationbuO^tin or 
circular which shoiM be used in referring to these publicaUoni. 

For copies of bulletins, circulars, or otlier information address the 
Engineering Experiment Station, Urbana, Illinois 
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THE COKING OP COAL AT LOW TEMPERATURES WITH 

SPECIAL REFERENCE TO THE PROPERTIES AND 

COMPOSITION OP THE PRODUCTS 

I. Introduction. 

1. Preliminary. — This report covers a series of studies made dur- 
ing the period from 1911 to 1913 on the coking properties of Illinois 
coal. It is a continuation of the work described in Bulletin No. 60 of 
the University of Illinois Engineering Experiment Station.* Its dis- 
tinctive feature has been the use of an apparatus which would yield 
the main products of coke, gas, and tar in quantities sufficient for a 
detailed study of these products, Lnd, to a certain extent, quantities 
sufficient for a determination of their values by practical tests on a 
commercial scale. 

2. Resume of Previous Work, — In the experiments described in 
Bulletin No. 60 the apparatus used had a capacity of 6 to 8 pounds 
of coal at a charge. Notwithstanding this limited capacity, certain 
fundamental facts were developed as follows : 

(a) The formation of coke depends upon the presence of certain 
constituents having a melting point which is lower than the temper- 
ature at which decomposition or carbonization takes place. 

(b) Oxidation of these compounds may easily take place and the 
greatest coking effect is obtained where the opportunity for the mini- 
mum amount of oxidation has occurred. The condition prescribed, 
therefore, is that there shall be the least possible exposure to oxidation 
either before or during the process of carbonization. 

(c) Coals containing an excessive quantity of the coking sub- 
stance produce a light porous coke. The texture of the product may 
be modified by use of pressure and by close packing of the charge and 

*Tbe Ooking of Coal »t Low Temperatures, by S. W. Parr and H. L. Olin. 

3 
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especially by mixing with material which has already passed throa^h 
the coking process. Such a mixture provides the physical condition^ 
whereby the gases formed may readily pass out of the mass without 
carrying along the cementing substances. 

(d) By use of temperatures between 400*" and 500*C. all of the 
resulting products are of a type distinctly different from those ob- 
tained by the usual high temperature procedure. 

3. Outline of Present Investigation, — An apftaratus was designed 
to utilize about 100 pounds of coal. Experience in the use of the 
apparatus indicated also the main principles wtich should be em- 
bodied in a commercial equipment. The coking process was studied, 
and the mixture for producing the best product determined. It was 
found that a smokeless fuel may be produced especially well adapted 
to domestic purposes, including its use in open grates. Its freedom 
from tar or condensable hydrocarbons makes it easily adapted to gen- 
erating producer gas, thus affording a good substitute for anthracite 
coal in suction gas producer practice. 

In the study of the composition and properties of the tar, this ma- 
terial was found to have a very low content of free carbon, a relatively 
high percentage of light boiling distillate, and an unusually high con- 
tent of tar acids or phenols. The latter fact is of special interest to 
the wood preserving industry. 

II. Experimental Work. 

4. Description of Coking Oven, — The apparatus used in the ex- 
periments is an elaboration of that employed in 1910, described on 
page 5 of Bulletin 60, and is capable of producing material in greater 
quantities than was possible with the older type. 

The device was manufactured by Burr and Company of Cham- 
paign, Illinois, and is illustrated in Fig. 1. As shown in the detailed 
diagram Pig. 2, it consists of a boiler plate shell A, lined with asbestos 
to prevent excessive radiation of heat ; within this, forming the coking 
chamber, is a shell B of the same material containing a cone of light 
sheet iron C, perforated with 3/16 in. holes, designed to confine the 
coal charge and to allow a free circulation of gases. To obtain the non- 
oxidizing atmosphere such as was used with the old apparatus, steam 
was admitted from the high pressure main at E, passed through the 
coil P where it was superheated by the hot currents ascending from the 
gas burner and then conducted into the coking chamber. The heat was 
supplied by a blast ring burner D, connected with the gas and air 
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mains, and no difficulty was experienced in producing the desired tem- 
peratures. The charge of crushed coal was fed into the hopper 6 and 
admitted to the retort through a large gate valve. The coked residue 
was removed, after cooling the apparatus, through the bottom at H. 
Gases of combustion escaped through the opening J, which was con- 
nected with a flue, while the distillates were conducted through an 
outlet pipe to a condenser consisting of several four-foot lengths of 
inch pipe connected by return elbows. Cold water was allowed to 
drip over this gridiron-like contrivance. The tars were passed through 
a water sealed exit at the bottom, while the gases, fairly clean, were 
collected in a gasometer. 

5. Coking Tests. — To study further the coking qualities of Illinois 
coals at temperatures ranging from iWC. to 500'C. and to obtain a 
quantity of the coke residue sufficient in amount for practical tests in 
order to determine its commercial value, a series of runs was made 
using the apparatus described. Numerous coals from the different 
fields of the State were included in this set of experiments. In this re- 
port, however, products from representative types only are illustrated 
and described since the results of tests of different coals of a given 
field showed little variation. Of particular interest during the process 
of distillation was the behavior of the coals from the northern districts, 
especially those from Vermilion County. As the heating progressed, a 
black pitchy substance dripped from the joints of the containing ovens 
but it hardened immediately on cooling, forming a brittle mass much 
resembling asphalt. This was undoubtedly the cementing principle 
which is instrumental in forming coke. According to Lewes it consists 
of substances derived from the resins of the original coal sources, which 
melt at about 300° C. and decompose at slightly higher temperatures 
yielding on the one hand liquid products which distil out as tar vapors 
and hydrocarbon gases, and on the other, a pitch residuum, which at 
500' C. forms a mass of coke. His general theory that these resinic 
substances are readily oxidizable and in their oxidized condition have 
much to do with coke formation is borne out in these experiments by 
the fact that no weathered coal of any type produced the gummy ex- 
udation mentioned, although there was no apparent diminution in the 
amount of gases given off. Compared with the bituminous coals of the 
Eastern States, those of Illinois are exceedingly rich in this resinous 
binding material. Even those from the southern districts of the State 
while not as '*fat'' as those from Sangamon and Vermilion Counties, 
nevertheless, much surpass in this respect coals like the Pocahontas, 
and those from Ohio and Pennsylvania. Strangely enough the abun- 



Digitized by 



Google 



PARR-OUN — THE COKING OP COAL 




FlO. 2. 



Cboss SiOTiON OF Apparatus fob Low Tbmpebature Distillation 
OF Coal. 



Digitized by 



Google — 



8 ILLINOIS ENQINEERINQ EXPERIMENT STATION 

dance of the coking material which the western types possess is the 
cause of their inferiority in the matter of making dense, hard coke ; for 
with the decomposition of the resinic bodies and the deposition of 
cementing carbon there occurs at the same time an evolution of large 
quantities of gases which inflate the pasty mass and make the result- 
ing coke more or less light and spongy. Indeed, certain Vermilion 
County coals, after being heated under conditions which allow free ex- 
pansion, present the appearance of hardened froth, because of the 
excessive development of cell structure in the coke. 

As has been shown in the previous work the porosity of the product 
may be appreciably reduced by subjecting the contents of the oven 
during the heating period to a considerable pressure. Another means 
to the same end which was recognized in the first experiments and 
which has been applied in the latter series is the addition of inert coke 
dust to the raw coal as fed into the retort. This material acting in the 
capacity of a '' blotter" reduces the plasticity of the softened mass and 
allows the gases to escape freely without producing a blowing effect. 

The diluting medium in the case of the specimens shown here was 
a mixture of various semi-cokes which had accumulated in the course 
of the work. The material was crushed and ground to a fineness of 40 
or 50 mesh and thoroughly mixed with the rest of the charge in ball 
mills. 

An analysis of a composite sample of this semi-coke breeze gave the 
following results: 

Table 1. 

Composition op Inert Coke Mixture. 





Actual 


Dry 


Moittur« 


1.85 




Ash 


11.90 


12.15 


VoUtile M»tter 


19.85 


20.22 


Sulphur 


2.62 


2.67 


Fixed Carbon 


66.40 


67.65 


Oaloriflo Value (B. t. u.) 


11243 


11454 



The effect of the addition of this foreign substance is exceedingly 
interesting. Certain types of coal, as for instance those from Ver- 
milion County, produce hard firm coke when mixed with as much as 
100 per cent of their own weight of the coke dust ; those from the south- 
em districts with higher fixed carbon do not need so great a dilution. 
Not only is the texture made firmer by this treatment but the density 
is increased. Attention will be called to the differences in the prop- 
erties of the cokes in discussing the individual samples. 
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Coke was made first from Vermilion County screenings such as 
were furnished the power plant of the University of Illinois. In or- 
der to remove the dust which may have been more or less weathered, 
the coal was passed over a quarter inch screen. 

The resulting coke, shown in Fig. 3, is extremely light and porous, 
having a specific gravity of only .650. Its texture is firm, notwith- 
standing the low temperature at which it was formed and it has proved 
its ability to stand considerable handling without excessive dusting. 
Moreover, its porosity probably accounts in a large metisure for the 
success obtained in using it in the gas producer test described later, 
since the carbon is easily accessible to the blasts of hot air and steam. 

The coke shown in Fig. 4 was made from Saline County coal and 
was obtained from a run in which the time and temperature condi- 
tions were the same as in that of B-10. It illustrates the superiority of 
a coal from the southern field for coking purposes. Compared with 
the Vermilion County sample its texture is hard and firm and it has 
a density more than 6 per cent higher than the latter. It may be 
seen by referring to the photographs that the cellular structure of 
the Saline County sample is relatively close and solid, and bears little 
resemblance to the other. 

One of the best products obtained in this series of experiments was 
from a coal from Williamson County. This sample, B-16, Fig. 5, shows 
a fine even grain and has a density of .750, more than 15 per cent high- 
er than B-10. It has remarkable strength, both tensile and compres- 
sive, and stands rough handling without appreciable dusting. 

Other coals from Williamson County have shown the good coking 
qualities which characterize the southern types. The particular sam- 
ple illustrated in Fig. 6 shows an uncarbonized center but the outer 
portion is consistently dense and hard and has considerable strength. 

In the course of the work tests were made of many coals from other 
localities as well as from different beds in the same locality. Included 
in the list are samples from Perry, Franklin, Jefferson, and Jackson 
Counties, but the cokes made from them are so similar in quality to 
those already described that they are not separately discussed. 



Table 2. 
Composition of Coke from Raw Coals. 



Sample 


Moisture 


Ash 


Volatile Matter 


Fixed Carbon 


S 


Heat 
Value 
B. t. u. 


B-10 
B-12 
B-16 
B19 


1.85 
1.20 
8.25 
2.25 


18.8 
11.9 
12.4 
11.75 


18.20 
10.85 
11.50 
12.30 


71.10 
75.95 
72.85 
78.70 


8.0 
1.6 
1.5 
1.55 


11891 
12520 
12600 
12415 
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The eflfect of the addition of a fine inert diluting medium to differ- 
ent types of raw coal is seen in samples B-18 and B-21, Fig. 7 and 
Pig. 8. The former is the product from the heating of a mixture of 
equal parts of Williamson County coal and the coke dust described 
on page 8. It is loose in texture and crumbles easily showing a defi- 
ciency in bonding material. On the other hand, B-21, made from equal 
parts of Vermilion County coal and the coke in question, is quite as 
hard and firm as the raw coal product and considerably denser. B-22, 
Pig. 9, is from Vermilion County coal diluted with one-half its weight 
of inert material and while it resembles B-21 it has a lower si>ecific 
gravity. 

Williamson County coal although unable to cement itself firmly 
when mixed with an equal weight of non-coking material nevertheless 
works successfully in a mixture of two parts coal to one part inert 
material. B-25, Pig. 10, is both coherent and dense proving that the 
dilution limit has at least not been exceeded in applying this mixing 
ratio. 

Saline County coal likewise produces better coke with the addition 
of foreign material. B-13, Pig. 11, raw Saline County coal two parts 
and coke dust one part, is superior in every way to the coke from the 
raw coal alone. 

The composition of this series of samples is given in the following 
table. 

Table 3. 

Composition op Cokes from Mixtures of Coal and Coke Dust. 















Heat 


Sample 


Moiaturc 


Alb 


Volatile Matter 


Fixed Carbon 


S 


Value 
B. tu. 


B-21 


1.85 


14.95 


13.7 


70.0 


8.15 


11750 


B-18 


1.80 


12.0 


18.00 


71.00 


2.50 


12295 


B-22 


1.60 


14.50 


12.70 


71.20 


2.9 


11825 


B18 


1.40 


14.2 


15.22 


69.18 


2.8 


12150 


B-25 


1.45 


15.4 


10.50 


72.65 


8.0 


11920 



The rise in the density of the coke with the addition of the inert 
substance is shown by the results of the following specific gravity 
measurements. 
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Table 4. 
Densities op Cokes. 



Description 


Density 


Saline County Coal 


iBl2 (unmixed) 

^B-24 (raw %. dust %) 

/B-18 (raw ^ duat f^) 


.687 
.775 
.868 


WiUiamion County Coal 


iB.26 (raw %, durt J5) 


.760 
.969 


Vermilion County Coal 


(B-10 (unmixed) 
^B.22 (raw %, duat ^) 
fB-21 (rawH. duat H) 


.650 
.848 
852 



For purposes of comparison it is interesting to note that B-29, Fig. 
12, a 16-hour Solvay coke from an Illinois coal has a density of .830 ; 
B-30, Fig. 13, a 48-hour compressed charge, .986 ; while a representa- 
tive sample of bee-hive Connellsville has a density of about 1.12. 

While the methods described in the foregoing may not be applied 
directly on a commercial scale to operations for making metallurgical 
(joke, still it is hoped that the results obtained may at least help to 
establish the characteristics of the coals of the State with regard to 
their adaptability to this use and to suggest methods and principles 
on which to work in solving the problem of making cokes of good qual- 
ity from such material. Unquestionably they possess coking proper- 
ties to a marked degree but need to be treated differently from the 
eastern coals with their higher percentages of fixed carbon. 

6. Gas Producer Tests, — Early in the course of this work, the 
study of the products resulting from the distillation of bituminous 
coals at low temperatures suggested the possibility of using them as 
fuels for the gas producer whereby it was hoped to obtain gases suffi- 
(iiently free from tar to be suitable for use in the internal combustion 
engine. Previous experiments had shown that the moderate tempera- 
tures of the preliminary heating period were effective in expelling the 
major part of the tar-producing substances and that the residue, dis- 
tilled a second time at high temperatures, yielded gases remarkably 
free from heavy condensation products. 

In order to give the matter a practical test, arrangements were 
made with Professor C. B. Richards of the Department of Mechanical 
Engineering of the University of Illinois for the use of the necessary 
apparatus of his department and with Mr. A. P. Kratz of the Engi- 
neering Experiment Station for his services in conducting the trial 
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run. By means of the device already described a quantity of coke was 
prepared and it was fired in the usual manner. 

The fuel used in this test was the semi-coke product obtained in 
subjecting Vermilion County screenings from the University power 
plant to low temperature distillation (400*C-550'C). This test ma- 
terial, four or five hundred pounds in weight, consisted of pieces vary- 
ing in size from three-fourths of an inch to two inches in diameter, 
but the charge as fired contained some dust. It was light and porous 
and lay on the fuel bed without showing much tendency to pack. The 
following tables show its composition. 

Table 5. 
Proximate Analysis op Producer Test Fuel. 



MoUtar€ 


2.28 


Ash 


15.82 


Sulphur 


8.18 


VoUtUe Matter 


18.00 


Fixed Carbon 


68.90 


Calorific Value (B. t. n.) 


11601 



Table 6. 
Ultimate Analysis op Producer Test Fuel. 



Carbon 


60.86 


Hydrogen 


2.76 


Oxygen 


6.15 


Nitrogen (estimated) 


1.00 


Sulphur 


8.18 


Ash 


10.82 


Water 


2.28 



The producer used was a Number 3 Otto, designed to operate on 
anthracite pea coal, with a wet scrubber attached. The latter was 
merely a shell filled with coke through which the gas, admitted at the 
bottom, passed counter to a stream of water flowing from the top. 
Using anthracite coal the normal capacity of the producer was 4500 
cu. ft. of gas per hour. 

In place of the gas engine which under normal working conditions 
draws the gas from the scrubber, a Schiitte-Koerting steam ejector was 
used. This delivered the mixture of steam and gas to a condenser and 
thence to a Westinghouse meter of the wet type which had been cali- 
brated just before the test was made. 

Inasmuch as the supply of fuel was limited the usual method of 
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starting and stopping was varied somewhat. Before beginning the 
experimental part of the work, the producer was fired with anthracite 
and thoroughly warmed up. This fire was then drawn and a new one 
made with a weighed amount of wood and the fuel to be tested, and 
the operation continued xmtil gas of a good quality was given off, when 
the test was declared begun. During this preliminary period, as in 
the rest of the run, the measured gas was sampled by means of the con- 
tinuous sampler which is a part of the installation. 

At the dose of the test, the fuel bed was burned as low as was 
deemed practicable, the ash pit cleaned, and the ash weighed and sam- 
pled. The residue on the grates was then drawn out, quenched, 
weighed, and sampled. 

After the test was started all the coal put into the producer was 
weighed. The total fuel charge used in the test then included the coal 
equivalent of the wood and coal used to start, plus the coal fired dur- 
ing the test, minus the coal equivalent of the carbon in the gas given 
off before the formal start, minus the coal equivalent of the residue in 
the fuel bed at the close. Putting this into a formula : 

(T^^, + Tr,) 14560 + W,X 62000 
It — rVi-t- rVg g 

W — Total weight of equivalent coal fired during test. 

Wj = Total weight of equivalent coal in producer at start. 

Wj — Total weight of coal fired during test. 

Wj — Total weight of carbon appearing in gas before starting. 

W4 — Total weight of hydrogen appearing in gas before starting. 

W5 — Total weight of carbon within fuel bed at close of test. 

H = Heating value of the coal, B. t. u. 

Since the first sample contained practically no hydrogen the last 
term in the above formula becomes zero. 

Gas samples were drawn from a point beyond the ejector where the 
gas was under pressure, and were taken over mercury. Coal and ash 
samples were taken in the usual manner. 

Water fed into the vaporizer was weighed in a tank on scales. The 
weight of the overfiow from the vaporizer was obtained in the same 
manner, and the weight of the water going into the fuel bed from this 
source was the difference between these two. 

All temperatures were taken with mercury thermometers with the 
exception of that of the gas at the producer outlet which was obtained 
by means of a Hoskins pyrometer. 
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An attempt was made to get tar samples just as the gas left the 
producer but it was found that the amount of tar formed was not 
appreciable and the sampling was discontinued. 

The Junker calorimeter was used to obtain the heating value of the 
gas, about one sample an hour being taken. 

The form for recording the results of this test is abridged from 
the one given in Bulletin* No. 50 of the University of Illinois En- 
gineering Experiment Station, where details of methods of computa- 
tion may also be found. 

The firing sheet for this test showed that the producer ran success- 
fully and gave little trouble. Because of the small diameter of the 
fuel bed, resulting in considerable friction, the lightness of the ma- 
terial used, and its slight tendency to coke and arch, the fuel above 
the bed proper did not feed down as rapidly as it was burned. Hence 
it was necessary about once an hour to poke it down with a slice bar 
and in this respect it probably required a little more attention than a 
charge of anthracite. 

It may be noted, however, that it was necessary to poke and clean 
the grates from the bottom but once during the six hours of the triaL 
With 80 small a producer this indicates a remarkable freedom from 
ash and clinker trouble. On cleaning the fire small pieces of clinker 
were found in the ash, but there was none at all sticking to the sides, 
where it usually collects. The high grate eflSciency, 98.2 per cent, also 
shows that the fires required little attention, since poking and cleaning 
invariably force much unbumed carbon out into the ash. 

The fact that the fire required so little attention has an added 
significance in connection with a producer having a small fuel bed, 
such as the one used in this test. Usually, the inrush of air, when 
the doors are opened for cleaning, dilutes the gases sufSciently to 
make them too lean to bum, but with the fuel in question less trouble 
was experienced in this respect than is usually the case with anthra- 
cite, for at no time did the pilot flame go out and there was no great 
variation in the calorimeter readings. 

A study of the temperature of the gas leaving the producer throws 
considerable light on the condition of the fuel bed. If the bed becomes 
clinkered, or if holes form in the fire, air goes through without coming 
into intimate contact with the carbon. This chimney eflPect causes the 



*TwiM of » Suction Gm Producer. Garland and Krats. 1912. 
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gas to bum at the surface of the bed and the temperature to rise. 
Sometimes it is very difficult to keep the temperature down and clean- 
ing and poking have little effect. In the case under discussion, how- 
ever, the temperature never rose above 420'C except during the last 
twenty minutes of the test, when the fire was so low that it was essen- 
tially a furnace and not a producer. 

No trouble was experienced with tar. There was little evidence of 
its presence in the fuel bed, and an attempt to get a sample of it from 
the gas leaving the producer showed that it was present in negligible 
quantities only. On cleaning the ejector at the close of the run a small 
amount of tar was noticed but most of the deposit was of the nature of 
scale. It is to be remembered that before going to the ejector the 
gas had first passed through the scrubber. 

The efficiencies (hot gas 74.4 per cent and cold gas 64.9 per cent) 
compare very favorably with those obtained in using anthracite coal of 
the same ash content. 

Data and results are given in the following table. 

Table 7. 
Resui/ts op Gas Producer Trial. 

Made by A. P. Kratz and H. L. Olin. 

Mechanical Engineering Laboratory, University of Illinois. 

Make of Producer, Otto. 

Eond of Fuel — Semi-coked Vermilion County Coal. 

Type of Producer — Suction for Anthracite. 

Duration of Trial — ^hours 6.33 

DIMENSIONS AND PROPORTIONS 

Great area, sq. ft 1.666 

Mean diameter of fuel bed, ft 1.545 

Depth of fuel bed, ft 2.21 

Area of fuel bed, sq. f t 1.877 

Approximate width of air spaces in grate, inches 0.5 

Area of air space, sq. ft 0.722 

Ratio of air space to whole grate 0.433 

Area of discharge pipe, sq. ft 0.165 

Water heating surface in yaporizer, sq. ft 2.7 

AYXRAOB PRBSSURXS 

Average corrected barometer reading, inches mercury k 29,S2 

Draft in ash pit, inches water 0.45 

Suction at producer outlet^ inches water D J8 

Pressure at meters, inches water 3,€@ 

Absolute pressure at meters, inches mercury ^ .29M 

Vapor pressure at meters, inches mercury L0 

Dry gas pressure at meters, inches water 27 Jd 
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Tablx 7. (Contikuzd) 

AVXKAGE TEMPEEATUBXS (Degrees Centigrade) 

At barometer, 28.3 

Of fire room, S3^ 

Of feed water entering Taporizer, 23.4 

Overflow from Taporixer, 84.8 

Of water entering scmbber, 14.8 

Of water leaving scrubber, 45.7 

Of gases leaving producer 378.0 

Of gases leaving first scrubber, 34.5 

Of gases entering meters, 38.2 

Of gases entering meters, (absolute) 311.2 

FUEL 

Weight of wood used in starting, lb 9 

Volume of gas given off before start of test, cu. f t 2238 

Volume of standard gas given off before start of test, cu. ft 2010 

Weight of equivalent coal as fired, lb 381 

Percentage of moisture in coal 2.28 

Total weight of dry coal fired, lb 372 

Total ash and refuse, lb 37 

Total weight of residual, lb 49 

Total weight of combustible, lb 280.6 

COMPOSITION OF PRODUCER FUEL 

Fixed carbon, per cent 70.77 

Volatile matter, per cent 18.00 

Moisture, per cent 2.28 

Ash, per cent 15.82 

Sulphur, separately determined, per cent 3.13 

ULTIMATE COMPOSITION OF PRODUCER FUEL 

Carbon, per cent 71.50 

Hydrogen, per cent 2.82 

Oxygen, per cent 5.26 

Nitrogen, per cent 1.02 

Sulphur, per cent 3.20 

Ash, per cent 16.20 

Moisture in sample coal as received, per cent 2.28 

COMPOSITION OF DRT ASH AND REFUSE 

Carbon, per cent 14.48 

Earthy matter, per cent 85.52 

COMPOSITION OF RESIDUAL FUEL ON ORATE 

Carbon 36.46 

Volatile matter 7.10 

Moisture 1.18 

Ash 55.30 

FUEL CONSUMPTION PER HOUR 

Dry coal per hour, lb 58.8 

Dry coal per sq. ft of erate area per hr., lb 35.3 

Dry coal per sq. ft of fuel bed per hr., lb 31.3 
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Table 7. (Continued) 

calorific value op fuel 
Calorific value by oxygen ealorimeter, per lb. dry coal, B. t. u 11601 

WATER 

Total weight fed to vaporizer, lb 440.0 

Total weight of overflow, lb 256.0 

Water actually evaporated in vaporizer, lb 184.0 

Weight of water fed to producer, lb. 

(a) From vaporizer 184.0 

(b) In air (estimated) 6.0 

(c) In coal 8.7 

Total 199 

Total weight of water decomposed as used in calculations, lb 91. 

Total weight of moisture in gas leaving producer, lb 108. 

Weight of water decomposed per lb. of gas generated, lb 0.0588 

Weight of water decomposed per lb. of dry coal fired, lb 2.42 

Total weight of scrubber water, lb 5880 

OAS 

Calorific value per cu. ft of standard gas from calorimeter, B. t. u. 

(high value) 121 

Specific weight of standard gas, lb. per cu. f t. 0.0670 

Specific heat of dry gas leaving producer (estimated) 0.260 

Total volume of gas from meters, cu. ft 26927 

Total volume of standard gas at 16.5**C. and 30 in., cu. ft 23150 

Volume of standard gas per hr. cu. ft 3660 

Volume of standard gas per lb. of dry coal cu. ft 62.3 

Total weight of standard gas, lb 1552. 

Weight of standard gas per lb. of dry coal, lb 4.17 

COMPOSITION OF GAS BY VOLUME 

Carbon dioxide, CO, 4.15 

Carbon monoxide, CO 21.10 

Oxygen, O, 0.30 

Hydrogen, H^ (estimated from calorific value) 11.80 

Marsh gas, CH4 1.50 

Nitrogen, N, by difference 61.00 

COMPOSITION OF GAS BY WEIGHT 

Carbon dioxide, CO, 7.19 

Carbon monoxide, CO 23.17 

Oxygen, O, i 0.38 

Hydrogen, H, 0.93 

Marsh gas, CH4 0.96 

Nitrogen, N, by difference 67.37 

EFFICIENCY 

Grate efficiency, per cent 98.2 

Hot gas efficiency, based on high heating value, per cent 74.4' 

Cold gas efficiency, based on low heating value, per cent 64.9 
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7. Adaptation of the Coke to Domestic Appliances. — ^A limited 
amount of the coke was available for testing its adaptability to house- 
heating purposes. The ordinary household appliance is especially well 
adapted for distilling oflE the hydrocarbons of coal and sending them 
into the air unbumed or partly burned and accompanied by large 
volumes of smoke. 

In the coke product here described the heavy hydrocarbons have 
been removed. The coke itself, therefore, is clean both in handling 
and in burning. However, there remains approximately 20 per cent of 
volatile matter which enters into the process of combustion after the 
coke has attained a temperature at or beyond the point to which it had 
been subjected in the coking process. These conditions result in a free 
burning substance yet one whose combustible constituents may not 
produce smoke in burning. 

An open grate was selected as furnishing the best opportunity for 
observing the behavior of the material. The results are summed up 
as follows: the coke ignites readily, it retains its shape through the 
process of combustion, a bed of glowing coals quickly results, the very 
indifferent provision for draft as found in an open grate is sufficient 
for keeping the combustion lively, there is no smoke produced, and 
fire is retained over a long period of time, because the interior of the 
larger pieces holds the fire and continues the combustion until all of 
the carbonaceous matter is consumed. While the temperature com- 
monly attained by a grate fire would not furnish positive evidence as 
to the formation of clinker, the indications so far as they went, were 
altogether favorable. A small amount of coke was tested by burning 
in a hot air furnace. Not enough material was at hand for a complete 
test, but so far as observations could be made, it was as favorable as the 
test in the open grate. 

8. The Sources and Uses of Coal Tar. — The installation of the first 
American by-product recovery coke plant in 1893 marks the beginning 
of a notable rise in the production and use of coal tar in this countr>'. 

Previous to that time the isolated illuminating-gas plant was the 
only source of supply and, indeed, in the smaller places at least, the 
tar was looked upon as a troublesome waste product rather than as a 
thing of value. 

For making metallurgical coke, types of beehive ovens of varying 
degrees of efficiency were employed and these, of course, allowed the 
volatile constituents of the coal, both gaseous and liquid, to be wasted. 
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In 1912, not twenty years after the introduction of the new type 
of oven, 165,000,000 gallons of tar were produced in the United States, 
and two thirds of this quantity, according to Perry,* came from the 
by-product coke plant. With the steady increase in by-product oven 
construction the tar refining industry will assume a proportionate im- 
portance. 

Of the various fractions obtained in distilling the crude tar the 
most important are ; — ^benzol and its homologues, used in the color in- 
dustry and as paint and fat solvents; the carbolic oils, much in de- 
mand for disinfectants of various kinds ; and the creosote and anthra- 
cene oils, of great importance in the preserving of wood. The pitch 
residue is used in roofing, paving, and road-building, but in these fields 
it meets strong competition with the mineral bitumens and conse- 
quently does not find so ready a market as the other constituents 
named. But pitch makes up the greatest part of the crude tar aggre- 
gate, being in most cases considerably more than half. The bulk of 
the raw material therefore, is in the form of high temperature con- 
densation products and free carbon of relatively small value, while the 
supply of the lighter fractions is insufficient to meet the demand. This 
is especially true of those compounds of the tar which have bacteri- 
cidal properties. With the rapid depletion of the forests and the cut- 
ting oflf of lumber supplies, wood preserving treatment has become im- 
perative in many industries — particularly that of the railroads — and 
the lack of available material for this process is causing much concern. 
American supplies are inadequate for home consumption and nearly 
45,000,000 gallons of creosote oils were imported from Europe in 1911. 
Any modification of the coking process, therefore, that will increase 
the yield of the li^ht tars by preventing their condensation to com- 
pounds of high molecular weight will effect a considerable economy. 
Considerations of this kind have lent interest to the study of the tars 
obtained in the course of these experiments, in which temperatures 
were kept much below those of the gas retort and the commercial coke 
oven. 

9. Methods for Testing and Analyzing Tars, — Of the methods pro- 
posed and outlined for testing tar, perhaps the best are those published 
by S. R. Church in a paper on ''Methods for Testing Coal Tar and 
Refined Tars, Oils and Pitches Derived Therefrom, "t These tests, as 

*Eifhth Int. Cong, of App. Chem., 10, 288. 

tTb« Gas Age, 82, 108. Jour, of Ind. and Eng. Chem., 3, 227. 
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he says in the introduction, were not put forward as methods for the 
scientific examination of , or research into, the products of coal tar, but 
rather as an attempt, in cooperation with other chemists of the com- 
pany with which he was connected, to revise and standardize the every- 
day tests applied to the raw materials and products of the American 
tar distiller. 

In this article he takes up the determination of water, free carbon, 
fixed carbon, and ash, and the measuring of the specific gravity and 
viscosity of the raw tar, distilled tars, and pitch. He then outlines the 
chemical investigation of the light oils, carbolic oils, benzols and creo- 
sotes, including the estimation of napthalene. In a later paper^ he 
gives some supplementary methods. 

Prevost Hubbard's '' Methods for the Examination of Bituminous 
Road Materials"* approaches the matter solely from the standpoint of 
the road-builder, and takes up the physical tests necessary to deter- 
mine the fitness of the material for this special purpose. In its field 
it is, unquestionably, authoritative. 

Among the publications devoted particularly to methods for test- 
ing wood preservatives may be mentioned those of the American Bail- 
way Engineering Association,^ the National Electric Light Associa- 
tion,* and the Forest Service of the Department of Agriculture.*^ 

In addition to the foregoing, the following works take up to a 
greater or less extent the subject of coal tar analysis: 

Sadtler, Industrial Organic Chemistry, 3rd. ed. J. B. Lippin- 
cott Co. 

Rogers and Aubert, Industrial Chemistry, 1913, Van Nostrand Co. 

Lunge, Coal Tar and Ammonia, 4th ed. 1909. Van Nostrand Co. 

Allen, Commercial Organic Analysis. Vol. II, part 2, 3rd. ed. 1909. 
Blakiston's Son and Co., Philadelphia. 

Mulliken, Identification of Pure Organic Compounds. 1904. Wiley 
and Sons. 

10. Properties of Tar Products From Low Temperature Coal 
Distillation. — ^The tar used in this investigation was the product ob- 
tained in a separate series of runs made with Vermilion County coal. 

'Jour, of Ind. and Eng. Ohem., 5, 195. 

*U. S. Dept. of Agricultare, Office of Public Ro«d% BuUetin 88. 1911. 

"Bulletin 65, American Reilwax Eng. Aatoc. 

^Report of Committee on Preseryatire Treatment of Polea and Oroesarmi, 1011. 

*Dean and Bateman, Circular 112, "Analysis and Grading of Creosotes.*' 
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To prevent oxidation and evaporation the tar was protected as soon 
as formed with a water seal, and kept in air-tight cans until used for 
analysis. 

The tar is fluid at temperatures considerably below room condi- 
tions. In appearance it is black to rich brown with varying thickness 
of layer, and it possesses an exceedingly disagreeable odor even when 
judged by coal tar standards. 

The specific gravity measured with a pyknometer at 20** was 1.069. 
Its low density makes its separation from water by gravity somewhat 
difficult and there is a tendency, moreover, for high fractions to float 
on the surface of the water. Its viscosity is low and in this respect it 
resembles a mineral oil rather than a high temperature coal tar. 

The percentage of free carbon, or more accurately, of substances 
insoluble in toluene and benzene, was found by treating a compara- 
tively large sample of the dry tar, (about 36 grams) with toluene, and 
heating the mixture on the steam bath. The solution was decanted 
through two S and S filter cones (33 mm. and 26 mm.) one within 
the other. After three treatments the whole mass was transferred to 
the cones and extracted with benzene in a Soxhlet apparatus until the 
filtrate was colorless. Check results showed a free carbon content of 
1.35 per cent. 

Fixed or combined carbon may be determined by a method based on 
the report of the Committee on Coal Analysis of the American Chem- 
ical Society.* The cracking of an oil or tar is, however, so closely de- 
pendent upon time, temperature, and pressure conditions that a sim- 
ple laboratory test of the kind outlined by the Society would have little 
significance. 

11. Distillation of Tar. — In order to dry the tar a preliminary 
distillation 125'' was made and the light oil runnings after being 
separated from the water were returned to the retort. The apparatus 
used was an ordinary Jena distilling flask attached to a Liebig con- 
denser. 

In the earlier attempts to make this separation much trouble was 
caused by the tendency of the water in the crude material to produce 
a succession of *'bumpings.'' These explosions were often so sud- 
den and violent as to throw a considerable part of the charge out of 
the retort. This annoying feature was prevented, however, by run- 
ning a slow stream of air through a tube extending nearly to the bot- 
tom of the vessel, and later, in order to prevent oxidation which seemed 



*Joar. Am. Ohem. Soc., 21, 1116. 
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to take place at the higher temperatures under these conditions, carbon 
dioxide, which had been previously washed and dried, was substituted* 
This method was used in all subsequent distillations of the crude, wet 
tar and served the double purpose of providing an inert atmosphere 
in which to carry on the heating of the substances making up the ma- 
terial, many of which show remarkable chemical activity, and of mak- 
ing the boiling proceed smoothly and quietly. It is to be noted, how- 
ever, that the current of gas sent through the apparatus carries over 
with it a considerable quantity of material whose boiling point is at a 
temperature above that maintained in the retort In redistilling the 
dry tar to fractionate the sample this precautionary measure was un- 
necessary, and therefore was not taken. 

The escape of the first light oil runnings was prevented by sur- 
rounding the receiving vessel with a freezing mixture. To condense 
the heavier part of the second fraction, only the inner tube of the con- 
denser was used so that heat might be applied to facilitate the flow of 
the viscous fluid. 

To insure greater accuracy a subsequent redistillation of the light 
oil fraction was made with the use of a Lebel-Henninger tube, with the 
thermometer so adjusted that the top of the bulb was level with the 
side neck. The Liebig condenser was used as before. With this ap- 
paratus it was possible to secure fractions with sharply defined boiling 
points, an important prerequisite to identifying individual com- 
pounds. 

Table 8. 

Results of Preuminary Distillation op Tar. 



Fraction 


Temperature Range 


Peroentafe 


Light oil 
Heavy oU 
Pitcli 


below 210*» 
aboTe 826« 


17.2 
52.7 
80.1 



12. Examination of Light OU. — The low boiling fraction purified 
as indicated above is a dear amber colored liquid with a disagreeable 
odor. It is very susceptible to the action of light and air and finally^ 
turns dark red even when sealed in an atmosphere of carbon dioxide. 

The separation and identification of all the individual constituents 
of a substance like coal tar is a great task. Lunge, in his work ''Coal 
Tar and Ammonia" has described more than two hundred distinct 
compounds which occur in tars of different qualities and his list is 
probably not complete. We are concerned in this work merely with a 
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Fig. 3. B-10. Vermilion County Coke 




Fifi, 4. B 1:3. S^ALiNf. TulNTV L'OKE 
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Fig. 5. B 16. Williamson County Coke 




Fig. 6. B-19. Williamson County Washed Nut Coke 

Digitized by VJ 



oogle 




Fio. 7. B-18. Coke from Williamson County Coal Mixed with Coke Dust 
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Fig. 8. B-21. 



Coke From Equal Parts op Vermilion County Coal 
AND Coke Dust 
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FiQ. 10. B-25. Coke Froh Williamson County Coal and Coke Dust 
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Fio. 11. B-13. Coke From Saline Ck)UNTY Coal and Coke Dust 
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FiQ. 12. B-29. 16-HOUB SOLVAY Coke 




FlQ 13 



Digitized by 



Google 



PARR-OUN — THE COKING OP COAL 23 

few of the most important sabstanees which are of interest because of 
their practical value and not with those which are of interest from the 
scientific standpoint only. 

The phenols and other acid substances of the light oil were sep- 
arated from the neutral and basic constituents by shaking the fraction 
in a separatory funnel with half its volume of 10 per cent caustic soda 
solution. After this treatment had been repeated until no further re- 
duction in volume of the residue took place, this caustic solution was 
drawn off and acidified with sulphuric acid and the whole extracted 
with ether. The ether extract, when evaporated down, yielded crude 
phenol and its homologues. 

The amines were removed from the oily residue after the phenol 
extraction by shaking it with dilute sulphuric acid, of sp. gr. 1.15, 
with warming. The solution was separated as before, neutralized with 
caustic soda, and the bases extracted with ether. 

The method for separating paraffins and benzenes is based upon 
the familiar principle that the hydrocarbons of the parafSn series are 
practically inert toward sulphuric acid, while those of the aromatic 
series react with comparative ease, forming sulphonic acids, in which 
sulpho groups replace hydrogen of the benzene ring. These acids are 
very soluble in water and are therefore easily separated from the in- 
soluble oily paraffin residues. 

The process used was that adopted by the Forest Products Labor- 
atory.* Ten cubic centimeters of the fraction to be tested were meas- 
ured into a Babcock milk bottle. To this was added 40 cc. of 37 N 
sulphuric acid (made by adding the calculated amount of fuming sul- 
phuric acid to the ordinary acid, sp. gr. 1.84) 10 cc. at a time. The 
mixture after being kept at 100' C for an hour was cooled and then 
whirled for five minutes in a Babcock separator. The volume of the 
unsulphonated or paraffin residue was read off directly. Equally good 
results are obtained, however, by pouring the mixture into a large 
volume of water and separating by means of the funnel. 

As a step toward identifying those constituents which do not react 
with acids and bases, a sample of the oil from which the phenols and 
pyridines had been removed but which had not been sulphonated, was 
subjected to a second redistillation, with the measurement of the vol- 
umes going over between comparatively narrow limits of temperature. 

A summary of the results obtained from the various tests and 
analyses follows : 



*B«t€m«n, E. ModiflcAtion of the Sulphonation Test for Cresote. Forest Serriee, Cireu- 
Iftr 191, U. S. Dept. of A^eulture. 
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Table 9. 
Light Oil Fraction (to 210''C). 

Spedfle gnwitj .966 



Licht oil fraction 
Phenolt (and other scid sabtt«nc«t 
AminM (snd othor bases ) 
Parafflna 



Percentage on Baaia of 
Crude Tar 

17.2 
5.7 
0.9 
8.12 



Percentage on Baaia of 
Light Oil Fraction 

100.0 

88.0 

5.3 

18.1 



The results of the refractionation of the light oil from which the 
acids and bases had been removed are given in the following table : 



Table 10. 
dlstrtoution op neutral substances in lloht oil. 



Fraction 


Percentage on Baaia of 
Light Oil Fraction 


Percentage on Baaia at 
Crude Tar 


20«-75* low boiUng bodiea 
75^-950 crude beniol (90%) 
95 '-125 • crude toluol 
125 '-170* crude eolvent naptha 
170**-200*» crude heavy naptha 
200*-210*» crude heavy naptha 


6.26 
2.10 
7.86 
26.80 
14.78 
7.80 


.25 
.88 
1.88 
4.77 
2.67 
1.32 



The classification as made in Table 10 is based on the outline for 
the examination of light oil as given by P. E. Dodge in his article on 
* ' Coal Tar and Its Distillation Products. ' '• It is understood that this 
is a generalization only, and that it shows composition by classes of 
compounds rather than by individuals. However, since the diflferent 
homologues of a class within rather close limits of the boiling point 
usually differ little in character, a fair idea of the composition of the 
mixture may be gained without further separation. 

Fraction No. 1, besides some benzene, contains also pentanes and 
hexanes of the parafiln series, ranging in boiling point from 31** C to 
64" C. No. 2 includes some of the heptanes boiling in the nineties; 
No. 3, according to tables complied from datat obtained by distilling 
known mixtures, consists of benzene and toluene, the latter predom- 
inating, while fraction No. 4 includes the xylenes boiling from 138" C 
to 143' C, with perhaps some mesitylene, b.p. 164"C. Likewise the 
part reported as phenols contains besides, one or all of the three cre- 
sols, although the close range of boiling points (190% 201", and 202") 
made a quantitative fractionation of the crude extract impracticable. 



♦InUuatrial Chemlatry. Rogers and Aubert. 1912. p. 492. 

to. B. DaTia. Induatrial Ohemiatry Rogers and Aubert. p. 499. 
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Finally, the rapid darkening of both the neutral and the active 
fractions on even short time exposures to air points to the presence of 
various unsaturated substances, difficult to isolate and probably of no 
great practical importance. 

13. Examination of Heavy OH Fraction, ^WC to 555*C.— The 
heavy oil obtained from the first distillation to which was added the 
residue boiling above 210*, from the redistillation of the light oil, is a 
thick viscous liquid of a rich brown color. After standing for a time 
a non-crystalline sediment is formed. 

Tar acids were determined by the methods used in the examination 
of the light oils except that after the addition of the caustic soda it 
was necessary to warm the mixture in order to facilitate the separa- 
tion, while the paraffin and aromatic content of substances was found 
by sulphonation as before. Likewise a sample from which the acid 
constituents had been removed was refractionated and the volumes of 
distillate given off between close temperature limits were noted. 

The napthalene content was determined by cooling, with a freezing 
mixture, the heavy oil sample from which the acids had been extracted, 
in order to crystallize out any of this substance which might be pres- 
ent. The test gave zero results ; the conclusion is that no napthalene 
was present. This result is confirmed by observations made when the 
original tar was distilled from the coal, for at no time did the tar con- 
denser become clogged as it would if napthalene were going over even 
in small quantities, nor did the pungent odor of its vapors ever become 
noticeable. 

The method for the quantitative assay of anthracene as given by 
Allen* was used for this material. The sample, dissolved in boiling 
glacial acetic acid, was treated with chromic acid slowly dropped 
through a reflux condenser to oxidize any anthracene present to an- 
thraquinone. The results showed that the amount present was neg- 
ligible. 

Table 11. 

Composition op Heavy Oil (210T-325'C) . 

Speoifle gravity 1.082 



Fraction 


Percentage on Basis of 
Crude Tar 


Percent a (r»i on BMis of 
HeiTy Oil Fmetiion 


Heary oil fraction 
Tar acids 
ParaAna 

Aathracena 


62.7 

22.2 

6.2 

.0 

.0 


100.0 

*a,ii 

82.66 
.0 



•Oommercial Organic Analysis. Vol. II, part 2, p. 229. 
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Distillation of the acid free samples gave the following results. 

Table 12. 
Distribution op Neutral Substances in Heavy Oil. 



Vrmetioii 


Pereantafe on BMit of 1 Percentage on Basis of 
Crude Tar 1 Heavy Oil Fraction 


210» to 250* 
250** to 270* 
270* to pitch 


2.87 
18.55 
11.58 


10.8 
48.5 
41.2 



In attempting to identify the various substances of the heavy oil 
fraction the worker finds the problem even more di£3cult than in the 
case of the light oil because the higher boiling points and molecular 
weights of the compounds make them more difficult to separate. A 
partial purification of the acid bearing extract of this part of the tar 
showed by the boiling points that a high percentage of creosols was 
present. The higher boiling members were not identified. It is pos- 
sible that they are polyhydric phenols, such as Lewes mentions as be- 
ing present in the tar from coalite and which he says form resinous 
masses difficult to investigate. 

Fraction No. 2 is the neutral part of the cut in tar distilling known 
as creosote oils. Emmet and Beingruber* say of this class of substances 
that after removing basic, oxygenated, and crystallizable bodies, there 
remain several isomeric dimethylnapthalenes, the separation of which 
has proved unmanageable, and which constitute the major portion of 
the fraction. 

14. Pitch. — The residuum from the original distillation of the 
crude tar is a hard, black substance, rather brittle, breaking with a 
bright fracture. As indicated by the table of its properties it is a hard 
pitch, as contrasted with soft pitch having a melting point of about 
75^ C. 

Table 13. 

Pitch Fraction (Above 325* C). 



Per cent on basis of crude tar 
Melting point 
Specific gravity 
Free carbon 


80.1 

110" C 

1.27 

12% 



*Annalen 211, 865. 
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15. Oxygen Absorbing Power of Tar, — ^In the publication of the 
results of the preliminary studies of low-temperature tar,* attention 
was called to the fact that both the light and the heavy fractions were 
readily oxidizable and the question was raised whether these oils might 
not serve as dr3ring bodies or paint vehicles by forming coatings or 
films on oxidation. In an attempt to approximate a quantitative meas- 
tirement of this capacity for absorbing oxygen, a series of iodine ab- 
sorption determinations was made, with rather variable results. 

Further investigations of the kind have proved what was conceded 
as a probability at the time, that other reactions than those of simple 
saturation take place, chief among which is substitution with the 
formation of hydriodic acid. While fairly consistent results have been 
obtained in the supplementary work under strictly standard condi- 
tions, slight changes in the concentration of the iodine solution, in the 
time of digestion and particularly in the temperatures of the reacting 
substances so varied the values found that the method is deemed un- 
reliable. Bromine is even more uncertain. Among the substances 
present in the tar from which hydrogen is easily displaced by the halo- 
gens are the phenols, the reaction taking place almost immediately 
even in the cold. 

The only reliable criterion of its value as a paint drier is perhaps 
the actual test of its behavior when exposed to air. The light oil frac- 
tion forms a thin film when spread on a glass plate inclined to 45 
degrees. Using good linseed oil as a standard for reference, it is found 
that the tar oil films are decidedly thinner, i.e., the oil flows more be- 
fore thickening, and that the time of maximum drying is from two to 
three times that observed in the case of the linseed oil. 

III. Appendix of Supplementary Results. 

At the request of S. R. Church, head of the Research Department 
of the Barrett Manufacturing Company of New York, a small sample 
of the crude tar remaining after the conclusion of the work described, 
was sent to the New York Laboratories for examination. Mr. Church, 
in a communication commenting on it briefly, says, **This tar in its 
characteristics, resembles somewhat the Scotch blast furnace tars al- 
though it is higher in tar acid content than the Scotch tars, and appar- 
ently not quite so high in paraffin-like bodies. The most interesting 
feature to us is its exceptionally high content of oxygenized compounds 
of phenoloid character. ' ' 

*PaiT and Olin. Balletin No. 60, University of niinoit Eng. Exp. Stt. p. 18. 
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''Shotild tar of this nature become a commercial product, it would 
undoubtedly have a certain value to the tar distillers although it 
would, of course, have to be handled in an entirely different manner 
from the ordinary coal tars." 

The outline of his results is given in the following table. 

Table 14. 

Tests of Tab Debived fbom the Distillation of Coal 
PBOM Vebiouon Co., Ilunois. (S. R. Chubch.) 



Wftter, pw eent 




21.7 


T««to on Dry Tw: 






Sp«dfle fr»Tity at 16.5«0 
Free carbon, ptr cent 




1.072 
1.8 


Lifht OU (to 210O) per eent by 
Hmtj OU (to pitch) per eent by 


rol. 


15.2 


TOl. 


40.2 


Lifbt OU: 






Tar acidi. p«r eent 




..80.0 






15.0 


Heaty OU: 

SUndard retort dittUlation: 






Total per eent to 170*0 




0.5 


200« 




2.0 


210* 




6.6 


285» 




88.6 


270« 




61.0 


815« 




65.8 


865» 




94.9 


Tar adde in total dittUlation 




50.0 


Solphonation reeidnee on fraotioni 


4to 5 


per cent 


Pitch 






MelUnff point. 

Free carbon, p«r cent 




76«0 




9.0 



Of equal interest is the supplementary report furnished by Mr. E. 
B. Pulks of the American Creosoting Company of Louisville, Ken- 
tucky, who visited the laboratory early in the year 1913 and obtained 
a sample of a tar similar to the one that has been discussed. He writes : 
*'Thi8 tar is quite different from ordinary coal tar, in that it is thin- 
ner, has a lower specific gravity and much smaller percentage of pitch. 
The principal difference however, is in the high percentage of tar acids 
and in the presence of considerable quantities of paraffinoid bodies. 
These differences probably would make it necessary to work this tar 
somewhat differently from the method employed for ordinary tars but 
undoubtedly it would have considerable commercial value." 

''The quantity at our disposal was so small that we were unable 
to separate an amount large enough to test the preservative qualities 
of that proportion which would be used for this purpose. Apparently, 
however, this tar would produce from 30 to 40 per cent of oil of fair 
preservative value. The high percentage of tar acids would make it a 
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valuable source of material for the manufacture of antiseptic solutions, 
sheep dip, etc. The pitch contains a small proportion of free carbon 
and probably could be used for roofing purposes and paving filler." 

The report of his analysis is given in the following table : 

Table 15. 

Oil pbom Low Temperature Coking Experiments 
Universffy op Illinois. 

Deteription : Thick, dark brown oil, haTinc • rerj diMgreeftble odor resembling PinUch 
fas; liqnid at ordinarv temperature. 

Spedflo gravity at 88*^ 0. 1.041 

water Trace 

Tar acids by Tolnme 27.0% 

Fractions 

210 « 10.6% Liqnid 

285* 8.9% '• 

270* 12.6% •• 

816» 18.1% •* 

865» 14.1% " 

Res. 40.4 

Hard, black, brittle, 
bright fracture. 



ParalBn Oils: 










Fractions Per cent of 


Per cent of 






Fraction 


Straight OU 


210»C 




».7 25.0 


2.4 


285* 




9.0 10.0 


0.9 


270» 




12.8 10.0 


1.2 


815*» 




18.7 10.0 


1.4 


855' 




15.0 15.0 


2.8 






59.8 


8.2 


Total per 


cent paraffin 


in fractions below 855 <» 0. 


18.7% 


Total per 


cent paraffin in fractions below 855* C. based on whole oil 


8.2% 






IV. Summary. 





1. Coke of good density and hardness may be made by mixtures 
of semi-coke and raw coal if both are finely divided and evenly mixed. 
A variation is noticeable in the quantity of such non-coking material 
which may be incorporated with different coals. For example, fresh 
coal from Vermilion County will carry such an addition of 100 per 
cent of its weight to advantage. Coals from Saline and Williamson 
Counties give coke of the highest density when mixed in the propor- 
tion of 50 per cent of their weight with semi-coke. 

2. The coke resulting from the low temperature process has from 
18 to 22 per cent of volatile matter remaining, but since it has been 
heated above 400' there should be none of the tar constituents remain- 
ing. The most convincing test on this point as also the best method of 
arriving at a conclusion as to its adaptability for such work was to try 
out the material in a suction gas producer. The. results indicated that 



Digitized by 



Google 



30 ILLINOIS ENGINEERING EXPERIMENT STATION 

no dogging effect whatever results, thus showing the absence of tar 
bodies. The physical operation of the producer as well as the grade 
of the gas produced was fully equal if not superior to the perform- 
ance of the outfit when anthracite was used. 

3. The semi-coke has such an amount of volatile matter remain- 
ing, together with the right degree of coherence as to make it especially 
well adapted to household use. It is clean to handle, free from dust, 
and bums without smoke or the formation of soot. Especially to be 
noted in this connection is its ability to retain a fire without undue 
attention as to drafts, etc 

4. The average specific gravity of the tar is 1.069. It is rich in 
low boiling distillate passing over at 210'*. This product averages 
18 per cent of the total. The pitch residue amounts to approximately 
30 per cent and is remarkably free from precipitated carbon. 

5. The adaptability of the tar for wood preservation processes 
seems to be indicated by the high percentage of tar acids. These con- 
stituents make up from 28 to 30 per cent of the crude material. The 
larger part, about 22 per cent is found in the second distillate (210*- 
325'), only about 7 per cent coming over below 210*. 

6. Approximately 10 per cent of the crude tar is found to be low 
boiling distillate free from the tar acids and suitable for use in in- 
ternal combustion engines. 

7. Naphthalene is absent. The free carbon in the crude tar is 
less than 2 per cent and the residual product after the light distillate 
and heavy oils are removed would be classed as hard pitch. 

8. A principal feature results from this study of these various 
substances, namely, that all three of the general divisions of coke, tar, 
and gas have specific properties of an especially valuable sort which 
would indicate that the process of coking at low temperatures could 
be established successfully on a commercial basis. 

V. Review op Literature. 

In the effort to solve the smoke problem which arises wherever bitu- 
minous coal is extensively used, numerous attempts have been made to 
modify the raw fuel in various ways in order to obtain a product 
which should be more or less free from smoke producing constituents. 
Among the first to make the attempt was Col. Scott-Moncrieff,* who 
proposed to subject coal to the coking process in the ordinary gas re- 

*Joar. of Gm Lifhting, 101, 823. 
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torts at the usual temperature until one-half of the volume of gas usu- 
aUy obtained was driven off. The choi^ was then drawn and 
quenched. 

The scheme resulted in failure for very obvious reasons. On ac- 
eomit of the porosity of coke it is a very poor heat conductor and so 
the interior of the charge received an insufficient amount of heat to 
drive off the tar and smoke producing substances while on the other 
hand the exterior was heated to such a degree that it became essen- 
tially hard gas-coke which ignited with difficulty and burned slowly. 
A mass consisting of a soft uncarbonized interior and a hard shell was 
the result, a type of fuel which possessed no good qualities and which 
gained no popularity. At the same time the manufacturer lost one- 
half of the gas and much of the ammonia that would be produced in 
ordinary practice. 

•In 1907 a radical change in the method of heating was made by W. 
Parker and the product obtained was extensively advertised under the 
trade name of '^ Coalite." This was the coke made by the partial dis- 
tillation of slack coal in vertical oblong cast iron boxes or stills about 
ten or twelve feet high and ten by forty-eight inches in cross section. 
Carbonization was carried on at temperatures near 450* C, yielding a 
coke having about 10 per cent of volatile matter and 80 per cent of 
fixed carbon. 

The following table shows the composition of the gas obtained in 
the distillation. 

Table 16. 

Composition op Gas Obtained in Coaute Manxjpacture. 



H,S 


1.0 


H2 


14.30 


00, 


8.45 


CH4 


ei.oo 


02 


.72 


U 


9.28 


Illam. 


4.19 


6.06 



Coalite has not proved to be the commercial success that its pro- 
moters hoped to make it, but experimental work is still being carried 
on with that end in view. 

The Premier Tarless Fuels Company t of Battersea, England, have 
lately installed a plant for the production of smokeless fuel by low 
temperature distillation. The distinctive features are the use of an- 
nular retorts which allow the thickness of the charge to be reduced to 
214 inches and the coking time to be shortened proportionately, and 

*0m World, JvM 8, 1907. p. 715. 

tJoBT. of 6m Lifbt A Water Supply. 122, 514. 
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the maintainance of a reduced pressure of 27 inches in the retorts. 
Temperatures of about 500* C are used and the charge is drawn at 
the end of four or five hours. 

A sample yield from a Lancashire coal is given below. 

Table 17. 
Yield op Products prom Vacuum Process. 

TarleM fuel 78.0 per c«nt 

Tar (p«r ton of coal) 20.19 fmL 

Ammoniam tolphaU (p«r ton) 45 lb. 
Approiimato Oonpodtion of Pnel 

Pixed carbon 03.86 

VolatUo mattor 8.88 

Ath 8.38 

This fuel is said to work well in the gas producer. Another sample 
with 8.26 per cent of volatile matter gives good results when used for 
domestic purposes, burning with a free flame, giving out intense heat 
and little smoke. 

In considering the subject of tars and gases and their relationship 
to the matter of economy in coal carbonization no attempt will be made 
to review the great mass of literature relating to them, but merely to 
call attention to results which show causes for variation in the quality 
and yield, chief of which are range of distillation temperatures and 
differences in the sizes and shapes of the retorts. 

The results obtained by Lewis P. Wright,* published twenty-five 
years ago, show the effect of increase in heat intensity in a striking 
manner. He does not state definitely the temperatures at which the 
different tars were produced but the following table compiled from 
his data indicates clearly that the gradations were marked. 

Table 18. 
Resui/ts op Pour Runs (2cwt. charges). 



Sp. Or. Tar 


Duration of 
DistUlation 


Gaa Yiald per 
Ton of Ooal. On. Pt. 


Pree Oarbon In 
Tar, For Cent 


(1) 1.084 

(2) 1.108 
(8) 1.140 
(4) 1.204 


8 brt. 

7 bra. 

8 bn. 
5 bra. 


8800 

7200 

8000 

11700 


8.89 
11.02 
15.58 
24.67 



His analyses of the tars obtained show the characteristic increase 
in volatile constituents with rise in distillation temperature. 

*Joar. Soo. Obem. Ind. 7, 50. 
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Table 19. 
Percentage Composition by Weight of Tabs. 



- 


No. 1 


No. 2 


No. 8 


No. 4 


Li^t oU 
CreoMt« oU 
Anthrsoene oil 
Pilch 

Paraffln eontento of ernde naptha 
(hy Toliixne) 


9.17 
10.50 
26.45 
20.82 
28.89 

5.0 


9.05 

7.46 

25.88 

15.57 

86.80 

4.0 


8.78 

4.47 

27.29 

18.18 

41.80 

1.5 


.99 

.57 

19.44 

12.28 

64.08 

1.0 



There is, likewise, a consistent fall in the percentages of the acid 
in the liquid fraction as the following table shows. 

Table 20. 
Percentage op Tab Acids. 



No. 1 
No. 2 
No. 8 
No. 4 



In Crndo Nsptha 



18 


8 
6 



In Light OU 



84 
86 

29 
22 



In Oreosoto 



85 
29 
28 
20 



Napthalene and anthracene become prominent in the heavier tars 
according to his investigations, the former appearing in considerable 
quantity in No. 4 and the latter being at its maximum in No. 3. 

As proof that the tendency of increased temperature in the distil- 
lation of coal is to destroy, preferably, the phenol bearing light oils 
intermediate between the crude naptha and the creosote, he cites the 
case of a tar of specific gravity 1.33, distilled at high temperatures, 
which showed practically no light oils but which yielded solid naptha- 
lene immediately after the naptha had come over. Watson Smith, in 
an article on ** Variation in the Products of the Destructive Distilla- 
tion of Coals,"* confirms these results, by stating that tars which were 
produced at very high temperatures in Simon-Carves ovens and exam- 
ined by him, showed a conspicuous lack of the middle oil fraction 
which contains the phenols and that the creosote and anthracene oils 
were semi-solid, the former being thick with napthalene. 

He calls attention to a theory of Schulzet that the primary prod- 
ucts of the dry distillation of coals are phenols. These phenols are 

*Joiir. Soe. Ghem. Ind. 8. 952. 
fAnnalen, 227, 143. 
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then at the higher temperatures of the retorts split up so as to yield 
water and high boiling hydrocarbons, or finally, with more entire de- 
composition, into illuminating gas. 

An interesting table showing the effect of change of temperature 
on the yield of gas and tar is given by V. B. Lewes.* 

Table 21. 
Vaiuation op Gas and Tar Yield with Temperature Range. 



Temp. (0) 


Gm yidd 


Tmr 


Sp. gr. or 


per ton, cu. ft. 


fftUons 


T»r 


900 • 


11 000 


9 


1.200 


800» 


10 000 


12 


1.170 


700 • 


9 000 


16 


1.140 


600*» 


7 760 


18 


1.115 


500» 


6 400 


21 


1.087 


400» 


6 000 


28 


1.060 



Lewes points out that tars produced at temperatures between 
400* C and 500' C contain relatively low percentages of aromatic sub- 
stances and high percentages of the paraffin series which are adapted 
to use as motor fuels. The middle oils are free from napthalene and 
yield excellent enriching oils. The pitch having practically no free 
carbon, he says, forms an ideal electric insulating material. 

Variations in the quality and composition of the gas are shown in 
the following table. 

Table 22. 
Composition op Gases Produced at Different Temperatures. 





400* 


500* 


600«' 


700" 


800* 


»00» 


Hydrogen 

Saturated hydrocarbons 

Unsaturated hydrocarbons 


21.2 

60.1 

6.8 


28.8 

56.2 

5.8 


38.8 

80.7 

5.0 


41.6 
45.0 

4.4 


48.2 

89.1 

8.8 


54.5 

84.2 

8.5 



The gas produced at the lowest temperatures quoted has a calorific 
value of 750 B.t.u. and measures 20 candle power. 

Dr. H. W. Jayne, in a papert before the Fifth International Con- 
gress of Applied Chemistry at Berlin in 1903, says in regard to coal 
tars: 

*Jour. of Oas Lifht. 101. 828. 

tThe Coal Tar Industry in the U. S. Report of the Fifth International Conffreas of Ap- 
plied Chemistry, Section IVa, Volume II. p. 721. 
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'*The influence of the temperature in carbonizing is strikingly 
shown by the test of two tars, both from the same coal, and made in 
the same kind of ovens. One plant was producing gas as its main 
object. The tar from this source had a gravity of 1.21 and tested 17.5 
per cent of free carbon; the light oil fraction was 2.2 per cent of a 
gravity 0.979, testing 23 per cent to 170 deg. ; the pressed napthalene 
yield was 7.4 per cent. In the second tar, in which coke was the main 
object, evidently much lower heats were used, the tar having a gravity 
of 1.137, and testing 3.2 per cent of free carbon; the light oil 
amounted to 11.9 per cent, and had a gravity of .970, testing 28 per 
cent to 170 deg., or six times more crude naptha than in the first; the 
total tar acids were 12.48 per cent, while the pressed napthalene fell 
to 1.2 per cent. " It is evident, he thinks, that in the first tar the light 
hydrocarbons and tar acids had been destroyed by the temperature 
employed, with formation of napthalene. 

R. P. Perry* states that ** Depending upon the coal used and more 
particularly upon the size and shape of retorts, the travel which the 
gases make over the hot surfaces, and the temperatures to which the 
gas is subjected, the coal tars vary within wider limits. In general 
with the vapors subjected to the high temperatures usually character- 
istic of gas works as compared with coke works, there is an increase in 
specific gravity and free carbon. For example the tar from many gas 
works will average about 1.24 specific gravity at 15.5" C. and about 25 
per cent to 30 per cent free carbon by weight, whereas from the by- 
product coke ovens the specific gravity would average more nearly 
1.19 and the free carbon would vary about 5 per cent to 18 per cent, 
the average being less than 10 per cent. " 

This so-called free carbon represents a finely divided inert ma- 
terial, largely carbon, which is the portion of tar insoluble in benzol 
and toluol. Perhaps a very small part is carried over mechanically in 
the coking process, but for the most part it is due to the cracking of 
the hydrocarbons by exposure to heat, and the higher percentage usu- 
ally found in gas works tars is from this cause.'' 

S. R. Church of the Barrett Manufacturing Company, in an inter- 
esting article on '*Tar and Its By-Products,''t gives a table of results 
of analyses which were made in his laboratory, of the typical coke-oven 
tars produced in the United States. It is to be noted that the different 

*R. P. Perrj. Tar DistiUation in the U. S. Eighth International Congress of Applied 
Chemistry. 10. 283. 

t'Tar and lu By-Products/' Gas Age, May 15, 1918. 
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gas retorts and ovens used vary in size and shape and that the former 
are, of coarse, heated to a much higher temperature than the latter. 

Table 23. 
Analyses op Typical Tars ; Dry Tar. 





Gas Retort 


Coke Oren 






Inclined 


Vertical 


United 
Otto 


Semet- 
Sohray 


Koppers 


Water gas 
Eaetera 


Speeiflo frsrity ftt 


















15.5* 0. 
Free cArbon (inaol* 


1.266 


1.298 


1.288 


1.158 


1.207 


1.188 


1.166 


1.088 


uble in C«He) 


28.8 


87.5 


24.8 




18.8 


10.7 


6.8 


0.1 


Speciflo Tiseotit7 


















(Engltr at 100*^0) 
OU to soft pitch eO^'O. 


21.8 


80 


14.0 


2.1 


8.4 


8 


2.1 


1.6 


















(Per MDt by vol- 


















nme) 


18.2 




14.8 


28.8 


21.2 


21.8 


85.8 


43.1 


Pitch TMidne 60<»C. 


















mp (Par c«nt by 


















volnme) 


86.8 




85.7 


71.2 


78.8 


78.2 


64.7 


56.9 


Refractive indices at 


















GO*" 0. (taken on 


















oil) 


1.5982 




1.5807 


1.5755 


1.5987 


1.6122 


1.6189 


1.5678 


Snlphonation residae 
(Per eent Uken in 


































oil) 


0.4 




2.4 


4.8 








8 


Tar acida (Per cent 


















taken in oU) 


14. 




21.0 


29. 


12 


4 







The figures given here are especially significant when compared 
with those of low temperature tars. 

Vivian B. Lewes* in the series of articles mentioned earlier says of 
the tar produced in the manufacture of coalite, distilled at 400* to 
500** C. : * ' The low-temperature tar is distinctive in its characteristics. 
It has a specific gravity of 1.075, is very liquid, and contains an abun- 
dance of light solvent oils, very low aromatic hydrocarbons, very little 
phenol but large quantities of cresol, no napthalene, and very little an- 
thracene, while the free carbon is as a rule below two per cent." 

The very low percentage of benzene in the light oils, is made up for 
by the presence of paraffins, such as hexane, heptane and octane, while 
there are also present considerable quantities of that curious group of 
hydrocarbons known as napthenes or hexahydro-benzenes, which play 
so important a part in Russian petroleum. 

As before mentioned, carbolic acid occurs in small quantities, but 
its higher homologues, such as cresylic acid, etc., occur in much lar^r 
quantities than in coal tar, and there are also present quantities of 
polydydric phenols, or other esters of the type met with in coal tar 
which form resinous masses difficult to analyze. He states that coals 
rich in oxygen (10 to 11 per cent) and hydrogen (above 5 per 

*The Carbonisation of Coal. Lecture IV. Jonr. Roy. Soc. Arts. 60, 216. 
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cent) and which, therefore, have large percentages of resinic bodies^ 
on being carbonized at low temperatures yield tars rich in phenol and 
cresoL These results are confirmed by Bomstein. The pitch left as a 
residue amounts to about 40 per cent of the tar, and is of fine quality 
owing to the practical absence of free carbon. The ammonium sulphate 
amounted to only 12 lb. per ton of coal, the temperature being too 
low for large production. 

The tar yield varies with the coal used and in most cases averages 
twenty gallons per ton of coal. 

Table 24. 
CoMPOsmoN OP Tar from Coaute. 



Sp«cifl« OrsTity 


1.078 








DistillAtioii 


on 


2.274 ec 


(0.5 gaUon) 












Temp. 


By volume 


8p. gr. 


Volume of Tar aeida 








on tar 




hydrocarbons 




Water 






2 64 








Lif ht on 




170* 


8.10 


.844 


8.10 




C«rboU« OU 




170<»-225» 


18.72 


.959 


8.62 


4.80 


Creowto Oil 




225'>-240« 


8.85 


.988 


4.64 


8.10 


CTMwte OU 




240'»-270" 


8.85 


.992 


5.45 


2.55 


Anthneene OU 




270«-800* 


8.80 


1.029 


6.60 


1.76 


Anthncene OU 




800*'-820'» 


12.81 


1.088 


8.80 


8.10 






Pitch by weifht on volume 




41.71% 








Bases 


Light ons 




1.82% 








Percentage distilling below 




Calculated 


on Tar 


lOO^O 






15.6 by vol. 




.55 




120» 






81.2 




1.09 




140" 






54.7 




1.91 




170» 






82.8 




2.90 




over 170<*ftnd loss 


17.2 




.20 





Prevost Hubbard* has lately published a similar table of his own 
results obtained from the analyses of tars from twenty-six of the thir- 
ty-one by-product coke ovens operating in this country in 1910. His 
figures may be considered as showing authoritatively the character of 
the 67,000,000 gallons of tar produced from these sources in that year. 

The specific gravities of the samples ranged from 1.133 to 1.214, the 
majority being lower than 1.200 and indicating low percentages of 
free carbon. The minimum percentage of free carbon was 2.73, the 
maximum 16.80, and the average for the 26 samples was 8.38. Eight* 
een samples contained less than 10 per cent of free carbon, and eight 
samples more than 10 per cent. About two-thirds of these products 



*Coke-OTen Tare of the United States, Circular No. 97. 
I>«pt. of Agriculture. 



Office of Public Roads, U. S. 
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might, therefore, be considered as low-carbon tars and the other third, 
as medium carbon tars. 

In accordance with the type of oven in which these products are 
made, there is a considerable variation in composition, even though 
temperatures differ but little. It seems probable, therefore, that high 
pitch and free carbon contents are not simple functions of tempera- 
ture alone but that other factors complicate the problem. 

Table 25. 
Comparison op Tars from Various Types of Ovens. 



Kind of Ortn 


Maximum Temperature 


Per Cent 


Per Cent 




of Retoru (G) 


Free Carbon 


Pitch Reeidne 


Koppen 


1100»-1444*» 


8.38 


70 


Semet-SolTay 


1050 ^'-liSO* 


6.74 


68-79 


Unitwl Otto 


1220*-1660» 


9.00 


69-78 


Otto KotMkn 


1000*-1100' 


13.16 


60-78 


Otto Hoffman and United Otto (mixed) 


1000*»-1200'» 


12.51 


76 


United Otto and Rothenberf (mixed) 


1000* 


17.17 


76 



Furthermore, the tars from different ovens of the same type show 
marked inconsistencies in many respects. For instance, twelve tars 
from as many different Semet-Solvay plants in which retort firing tem- 
peratures were in each case 1050*-1450* C, and maximum tempera- 
tures to which coal was brought, 950"-1150* C, show amounts of free 
carbon ranging from 4 per cent to 9 per cent; of pitch, from 63 per 
cent to 79 per cent; and of anthracene oils, from 5.5 per cent to 11 
per cent. 

Lunge,* the authority on coal tars, discusses only very briefly the 
effect of temperature range on the quality of tar. Among others, he 
quotes Behrens,t who found that the tar obtained in the distillation of 
coal in the ordinary fire-clay gas-retorts was much richer in benzene, 
tolene, and napthalene than that made from the same kind of coal in 
coke ovens operated at a lower temperature. 

In considering and comparing the foregoing reports it should be 
borne in mind that as yet no standard or official methods for tar an- 
alysis and testing have been adopted by the industry as a whole. It is 
true, that while the manufacturers of special products such as creosote 
and road material, each in his own particular field has defined, more 
or less, his standards, the results obtained are not always comparable, 
and this is especially true when dealing with such complex hydrocar- 

*Lunfe, Coal Tart and Anunonia, 4th ed. 1909. 
tDinffler't PolTteeta. Jonr. 008, 862. 
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bons as coal tars. In spite of this difficulty, however, there is sufficient 
unanimity among the authorities to establish the fact fully confirmed 
by the worker in organic chemistry that rise of temperatures tend to 
produce polymerization with the formation of more complex sub- 
stances of higher molecular weight, and that comparatively valueless 
products such as naphthalene and heavy pitch are produced in increas- 
ing quantities. In other words, the lighter and more valuable hydro- 
carbons are being destroyed in favor of the heavier ones which find 
little industrial use. 
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WIND STRESSES IN THE STEEL FRAMES OF OFFICE 

BUILDINGS 

I. Intboduotion. 

1. Preliminary, — The increase in the price of land in large cities 
has made it necessary to build high buildings in order to get a large 
rentable floor space on a small parcel of land. The type of building 
generally used is known as the steel-skeleton building. In this type of 
building the live and dead loads, including the weight of the walls, are 
carried by a system of beams and girders to columns and are carried by 
the columns to the footings. 

In high buildings the horizontal shear due to the wind load is very 
large; and, since it is usually impracticable to put diagonal braces be- 
tween the columns, it is customary to make the steel frame rigid enough 
to resist the horizontal shear by virtue of the stiffness of the columns 
and girders. The exact determination of the stresses in a steel frame 
due to a horizontal shear is one of the problems of structural engineering 
which remains to be solved. While the writers realize that the method of 
determining these stresses presented in this bulletin is based upon as- 
sumptions which are not exactly true, they believe that the method is 
more accurate than the methods ordinarily used. 

2. Acknowledgment, — Messrs. Anderson, Becker, Gomez, and 
Richart, graduate students in the College of Engineering of the Uni- 
versity of Illinois, calculated the moments in Table 23, and the moments 
as determined by methods I, II, and III in the keys to the diagrams 
in Figs. 10, 11, and 1^, and assisted with the calculations iiDces^ry to 
determine the curves shown in these figures. Professor Tra 0. Baker 
and Professor C. A. Ellis rendered valuable assistance, criticizing the 
btdletin during its prepartion. The writers gratefully acknowledge in- 
debtedness to these men. 

11. Present Methods of Calculating Wind Stresses in Office 

Buildings. 

3. Classification of Methods, — Methods of calculating wind streGfles 
in the steel frames of ofiSce buildings may be divided into two classes^ 
viz.: (1), those used in the actual design of buildings and (2), those 



Digitized k 



6 ILLINOIS ENGINEBRINQ EXPERIMENT STATION 

which have resulted from an effort to make an exact anidysis of the 
stresses. In the methods of the first class, accuracy has been sacrificed 
to shorten and simplify the calculations. In the methods of the second 
class, the aim has been to make an exact analysis rather than an analysis 
that can be used in the actual design of a building. 

For the sake of convenience in reference, methods of the first class 
are designated as approximaie methods, and those of the second class 
are designated as exact methods. 

4. Approximate Methods.— (a) Fleming's Methods. Mr. B. 
Fleming, in an article in Engineering News, describes three methods, 
which are in current use.* These methods are designated as methods I, 
II, and III. The three methods, as applied to a building in which all 
columns of a story have the same section, are based upon the following 
assumptions : 

Assumptions in Method I. 

1. A bent of a frame acts as a cantilever. 

2. The point of contra-flexure of each column is at mid-height of 
the story. 

3. The point of contra-flexure of each girder is at its mid-length. 

4. The direct stress in a column is directly proportional to the 
distance from the column to the neutral axia of the bent. 

Assumptions in Method II. 

1. A bent of a frame acts as a series of portals. 

2. The point of contranflexure of each column is at mid-height of 
the story. 

3. The shear is the same on all columns of a story. 

4. Each pair of adjacent columns of a bent acts as a portal, and 
each interior column is a member of two adjacent portals. The direct 
stress in an interior column, when the column is considered as a mem- 
ber of the portal on one side, is of opposite sign from the direct stress 
in the same column when considered as a member of the portal on the 
opposite side and the resultant direct stress is equal to zero. 



*Wind Bracing without Diagonals for Steel-Frame Office Buildings, Engineering News. 
March 18, 1918. 
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Assumptions in Method III. 

1. A bent of a frame acts as a continuous portal. 

2. The point of contra-flexure of each column is at mid-height of 
the story. 

3. The direct stress in a column is directly proportional to the 
distance from the column to the neutral axis of the b^t. 

4. The shear is the same on all columns of a story. 

(b) Smith's Methods. Professor Albert Smith, in a paper before 
the Western Society of Engineers, describes a method which he has 
used in his classes in Structural Engineering at Purdue University.:]: 
This method is here designated as Method IV. 

Assumptions in Method IV. 

1. The point of contra-flexure of each column is at mid-height of 
the story. 

2. The point of contra-flexure of each girder is at its mid-length. 

3. The shears on the internal columns are equal and the shear on 
each external column is equal to one-half of the shear on an interior 
column. 

If all of the assumptions of any of these methods are accepted, the 
stresses in a frame may be determined by applying the fundamicntal 
equations of static equilibrium. It is apparent from the assumptions 
that the results obtained by these methods are radically differeni 

6. Exact Methods. — (a) Melick's Method. Dr. Cyrus A. Melick* 
used a method which takes into account the form of the elastic curves 
and the deflections and changes in length of the members. The method 
is so long that, when applied to a building only four stories high, the 
amount of work required is almost prohibitive. To apply it to a build- 
ing twenty stories high would be impracticable if not, in fact, impossible. 

(b) Jonson's Method. Mr. Ernest P. Jonson suggested a method 
which takes into account the deflections of the columns and the changes 
in the slopes of the tangents to the elastic curves of the columns and 
girders at the points where they intersect.t 

If the method which he suggests were used, it would give the 
stresses with a fair degree of accuracy ; but his method involves so many 
imknowns that its use would not be practicable in the actual design of 
buildings. 



tWind Stresses in the Frames of OflBce Buildings, by Albert Smith, Journal Western 
Society of Engineers, Vol. XX, No. 4, p. 841. 

'Stresses in Tall Buildings, by Cyrus A. Melick. Bulletin No. 8, College of Engineering, 
UzuTersity of Ohio. 

tThc Theonr of Frameworks with Rectangular Panels and Its Application to Buildings 
which Hare to Resist Wind, by Ernst F. Jonson, Tran. Am. Soc. C. E., Vol. 66, p. 418. 
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(c) Method of Least Work. Professor Albert Smith has deter- 
mined the wind stresses in symmetrical bents having two, three, and 
four spans by the method of least work.* This method is exact, but, of 
course, is extremely long. 

III. Outline of the Proposed Analysis. 

6. Outline of the Method, — In making an analysis of the stresses, 
the writers made certain assumptions and applied certain fundamental 
principles of mechanics and obtained equations from which the stresses 
in a frame can be determined. The assumptions which have been made 
are stated in Section IV and the derivation of the equations is given in 
Sections V and VI. 

It can be proven that the moment at an end of a member of a 
f ramie is a function of the changes in the slopes of the tangents to the 
elastic curve of the member at its ends and of the deflection of one end 
of tlie member relative to the other end (see equation A, page 13). 

In the strained position, all the columns and girders which intersect 
at one point have been subjected to the same change in slope (see as- 
sumption 1, Section IV) ; the vertical deflections of the ends of all 
girders are equal to zero; and the horizontal deflections of the tops of 
all columns of a story are equal (see assumption 2, Section IV). 

Consider any story of a bent. Take the point of mterseetion of 
the neutral axes of a column and a girder as a free body. It is in equi- 
librium under the action of the moments at the extremities of the col- 
umns and girders which intersect at the point. Each of the moments 
may be expressed in terms of the changes in the slopes at the extremities 
of the member, and the deflection of one end of the member relative to 
the other. A moment equation can therefore be written for each point 
where the columns and girders intersect, and the only unknown quan- 
tities will be the changes in the slopes at the extremities of the columns 
and the horizontal deflections of the columns in a story. 

If all the colimms of a story be taken together as a free body, the 
sum of the moments at the two extremities of all the columns will be 
balanced by a couple whose moment is equal to the total shear on the 
story multiplied by the story height. The shear and the height of the 
story are known, and the moments in the columns can be expressed in 
terms of the slopes and the deflections at their extremities the same as in 
the previous equations. It is therefore possible to write as many equations 
for each story as there are columns in the story, plus one. As the only 



•Wind Stresses in the Frames of Office Buildings, by Albert Smith, Journal Western 
Society of Engineers, Vol. XX, No. 4, p. 841. 
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unknown quantities in these equations are the changes in the slopes at the 
extremities of the columns and the deflection in a story common to all 
columns, there are as many equations per story as there are unknowns. 
By solving these equations the slopes and the deflections can be deter- 
mined. Knowing the slopes and the deflections, the moments can be 
computed. 

The product of the shear on a member and the length of the mem- 
ber is equal to the algebraic sum of the moments at the extremities of the 
member. Since the moments and the length of the member are known 
the shear can be computed. 

With the shears in the girders known, the direct stress in any col- 
umn can be determined by taking the column as a free body and equat- 
ing the sum of the vertical forces to zero. 

The direct stress in a girder may be determined in a similar manner. 

The method just described is based upon the proposition in me- 
chanics used by Mr. Jonson, but the method which the writers have 
developed differs from the one used by him in that the changes 
in the slopes and the deflections have been used as the unknown quanti- 
ties instead of the direct stresses and the moments. Four members, 
two colunms and two girders, intersect in a point. Each member is 
subjected to a different direct stress and a different moment, whereas all 
of the members are subjected to the same change in slope, and all of 
the colimins in a story are subjected to the same deflection. It is there- 
fore apparent that there are fewer unknown slopes and deflections than 
moments and direct stresses. The large reduction in the number of 
unknowns very much simplifies the solution of the equations. 

IV. Assumptions Upon Which the Analysis Is Based. 

7. Statement of Assumptions, — The proposed analysis is based 
upon the following assumptions: 

1. The connections between the columns and girders are perfectly 
rigid. 

2. The change in the length of a member due to the direct stress 
is equal to zero. 

3. The length of a girder is the distance between the neutral 
axes of the columns which it connects and the length of a column is 
the distance between the neutral axes of the girders which it connects. 

4. The deflection of a member due to the internal shearing stresses 
is equal to zero. 
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6. The wind load is reabted entirely by the steel frame. 
These assuinptionfi will be discussed in Section XI. 

V. Fundamental Equation. 

8. Fundamental Proposition. — ^The fundamental equation used in 
this analysis is based upon the following proposition: 

When a member is subjected to flexure, the deflection of any point 
in the neutral axis from the tangent to the elastic curve at any other 

M 

point is equal to the moment of the area of the '~^ diagram for the 

portion of the member between the two points, about the point where the 
deflection is measured, 

9. Proof of the Proposition,— The line AB, Fig. 1, represents the 
neutral axis of a member subjected to flexure. The deflection of the 
member is very much exaggerated in the figure. The actual deflection 
is so small that the length of the curve may be considered equal to its 
horizontal projection. It is required to prove that the deflection of any 
point P from the tangent to the line AB at any other point Q is equal to 



[w '^^^^ 



/ 

Extend the tangents at the extremities of an element of the curve 
until they intersect the vertical line through P. The intercept on this 
vertical line between two consecutive tangents is equal to xdO, The 
total deflection of P from the tangent at Q is equal to the algebraic 
sum of these intercepts for the elements of the elastic curve between 

the points Q and P. That is, y = / xdS. The equation of the 

do M 

elastic curve may be written -y =-^77- Substituting the value of dO 

ax Jil 

/p 3f 
» dx-x. 

Q El 

The quantity -=y-rfa: can be considered as an elementary area of the -jfr- 

/p jf 
^j dx'X can therefore be considered as the 

M 
moment of the-rij- diagram about the point P. 
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10. Derivation of Fundamental Egtuttion.— Consider a member 
which is not acted upon by any external forces or couples except at the 
ends. The line AB in Fig. 2 represents the neutral axis of such a 
member. The moment at A is represented by Mab and at B by Mba- 
The change in the slope of the elastic curve at A due to the external 
forces is represented by Oa, and at B by ^b- The deflection of A from 
its original position A', is d. The deflection of A from the tangent at 
B is represented by (d — l'$B) ; and the deflection of B from the tangent 



. a . 

^ — p 



B 



Fig. 1. Proof of Fundamental Equation. 

at 4 is represented by {d — lBt^, The -=77- diagram is shown in Fig. 3. 

til 

The signs of the quantities are determined by the following rules: 

The change in the slope, or the angular deformation, is positive 
(+) when the tangent to the elastic curve of the member is turned in 
a clockwise direction. 

Distances and deflections are positive when they are measured in 
the same direction from the base line as are positive slopes. 

The moment acting upon a member at the section where the deflec- 
tion is measured is positive (+) when it produces a clockwise rotation. 

Substituting {d — ld^)y the deflection of A from the tangent at B^ 
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fM 

foi y in the equation y = / -j^ d^^» gives 

r^ M 

{d-l0s)=J ^^dx-x. 
Substituting the value of M from the equation 
M = MxB + -. k gives 

If the material is homogeneous and the section uniform, E and 
I are constants. Performing the indicated integration, gives 

d = / (9b + -^ r2MBA + 3/ab 1 ( 1 ) 

Substituting (d— /-^a), the deflection of B from the tangent at A, 

f M 

for y in the equation, y = / -jfr- o^rx, gives 

The moment at any section in the member, when considering the 
deflection at B, is of opposite sign from the moment at the same section 
when considering the deflection at A. (See preceding rule for determin- 
ing the sign of the moment.) 

Substituting the value of M from the equation 

M = — Mba H -J p, gives 

^'-'■''^^ =/- W ^d^-[^^i^y dx or 



* EI 2 EI 3 '^ EI 3 



(2) 



d = iej,+-^l-Mnx-2M»,'\ 

Multiplying equation (2) by 2, gives 

2(1 = 2Ztf„ + -^r-2itfBA-4Jl/AB 1 (3) 
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r— d 



"^ .H. r^ .1 




Fig. 2. Derivation of Fun da 
MENTAL Equation. 



Fig. 3. 



Diagram. 



El 



Adding equations (1) and (3) gives 



r-31/ABl. 



6£/ 

Substituting K for -|- and B for -,- and solving for A/abj gives, 

Mj^ = 2EK [2flA + «B-3B] ,...(A) 

When rf=0, equation (A) becomes 

Mj^ = 2EK (2 Aa + ^b) (B) 

Equation (A) is general and may be applied to any lengtii of any 
member in bending provided the length considered has no intermediate 
external force applied to it. That is, one or more of the quao titles 
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^A.. ^, and d may be negative and equation (A) will still give the 
moment at the point A in both magnitude and sign. Equation (A) is 
the fundamental equation upon which the analysis which follows is based. 
Equation (B) is a special fonn of equation (A). Equation (A) may 
be expressed as follows : 

The moment at the end of any member is equal to 2EK times the 
quantity: Two times the change in the slope at the near end plus the 
change in the slope at the far end minus three times the deflection 
divided by the length. E is the modulus of elasticity of the material and 
K is the ratio of the moment of inertia to the length of the member. 

VI. Derivation op General Equations. 

11. Notation.— The following notation has been used: 
A, B, C, etc. = the columns of a bent, beginning at the right and 

reading toward the left. 
a, b, c, etc.= the bays of a bent, beginning at the right and reading 

toward the left. The girder in bay a is designated as girder a, in 

bay b as girder b, in bay c as girder c, etc. 
A^, A^, A^, etc. = the intersections of the neutral axes of the girders at 

the tops of the first, second, third, etc., stories with the neutral axis 

of column A. 
Si, Sj, Sj, etc. = the intersections of the neutral axes of the girders at 

the tops of the first, second, third, etc., stories with the neutral axis 

of column B. 
d = deflection of the columns in a story height. 
E = modulus of elasticity of the material. 
h = length of a column measured from neutral axis to neutral axis of 

the girders. 
/ = moment of inertia of the girder and column sections. 

J = 2 ^^ ( 1 ) for all columns and girders which intersect at 

a point. 

K = -r- for girders and -r- for columns. 
I h 

I = length of a girder measured from neutral axis to neutral axis of 

the columns. 

M = bending moment. 

N = 2 ^^ ( -— J for all columns in a story. 
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R = 



h 



W = total horizontal shear in a bent at any story. 

w = increment of the horizontal shear in a bent in a story height. 

= change in the slope of the tangent to the elastic curve. 

Subscripts are added to the letters to indicate the particular part 
of a bent to which a given symbol applies. For example, referring to 
Fig- 4> girder b^ is the girder in bay h at the top of the first story, 
ill is the intersection of the girder at the top of the first story with 




Fig. 4. Bottom Five Stories of a Symmetrical Three-Span Bent. 

column A, Oj^^ is the slope of the tangent to the elastic curve at the 
point Aj ; d^ is the deflection of the columns in the third story ; Jb* is 
the J at the point B^ ; Ka2 is the K of column A in the second ^tory. 
The moment at the right end of the girder in bay a at the top of the 
second story is designated as Jfj^^? ^^^ the moment at the left end of 
the same girder is designated as M^^^. The moment at the top of the 
column B in the third story is designated as Mb^S and the moment at 
the bottom of the same column is designated as Ms^^- 

12. Derivation of Equations.— Yig, 4 shows the bottom five stories 
of a symmetrical three-span bent. It is required to find the strease? is 
all of the members. 
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Consider the columns of the third story acting together as a free 
body. (Any other story could have been used.) The algebraic sum of 
all of the moments at the tops and the bottoms of all the columns plus 
the product of the total shear in the story and the story height, is equal 
to zero. That is, 2 (3f a" + 3f a" + Ifa" + 3f b") + W^h^ = 

Substituting the values of the moments as given by equations A and 
B of Section V gives 

2 [ 2EKj^ {2ej^ + ^A, - 3«,) + 2EKj^ (S^a, + ^a, - 3Rs) + 
2EKb, (2tfB, + ^B, - SR,) + 2EKb. (2tfB, + ^s - 3/?3) ] 
+ F,fc, = 0. 

Letting iV^ = 2 ^^ ( — — j for all of the columns in a story, and 

collecting, gives 

W h 

2/rA8 0x2 + 2£^Ba ^B2 -^8^3 ^" ^^As ^At + ^^Bz ^Ba ^^ "^jjiT (^ ) 

Consider the point A^ as a free body. Taking ^^ M = 0, gives 

Ma** + J/ A** + M^^^ = 0. Substituting the values of these moments as 
given by equations A and B gives, 

2EKx, (2flA. + ^A4 -3BJ + 2EKj^ (20a» + «a, -^R,) + 
2EK,, (2tfAs + «B8) = 0. 

Combining the coefficients of the unknowns and cancelling the common 

factor 2E gives, 

^a2A^A8 + «A3 (2Kj^ + 2Za, + 2K^) + Oa, Kj,, + Bs^K,, - 
RsSKj,,-R,SKx, = 0. 

Substituting Jas for 2 ^^ ( I" + "T ) ^^ ^^^ ^^® members that intersect 
at -4g, the equation becomes: 

Kas Ok% 3Z'a8 Rz + •'^As ^Aa + -^«S ^Bs — 3JPa4^4 + ^Aa^A^ = 0. . . (2) 

The point B^ is in equilibrium under the action of the four mo- 
ments M^^, M^^, ife", and M^^^. Equating the sum of these four 
moments to zero gives, 

2EK^ (2^08 + «A8) + 25^b8 (2«B8 + «B8) + ^EKj,, {20^^ + 
«B4 - 3B4) + 2J?^B8 (^^B8 + «Bi - ^R^) = 0. 

Combining the coeflScients for the unknowns and cancelling the common 
factor 2Ey gives, 

2^B. (/^as + ^b8 + i^B4 + ^Bs) + ^Aa^aa + «B,^ba + «B4i^B4 + 

^Ba^Ba ^R^K^A — SR^K^s ^= 0. 
Substituting Joa for 2 ^ (t"'+ yjof all the members intersecting at 
Bj, the equation becomes, 
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^B4^B4 = (3) 

The three equations, 1, 2, and 3, can be written for any story by 
making the proper changes in the subscripts. As there are only three 
unknowns, $j^ $b, and R for each story, as many equations can be writ- 
ten for a bent as there are unknowns to be determined. It is possible to 
solve these equations for the unknown quantities algebraically, but the 
large number of equations involved makes the work very diflBcult. It 
is simpler to substitute the numerical values of the coefficients in the 
equations and solve for the numerical values of the unknown quantities 
by the process of elimination explained in Section VII. 

For convenience in the application of this process of elimination, 
the equations are written in tabular form as shown in Table 3 in which 
the unknown changes in the slopes and the ratios of deflection to story 
height are written at the tops of the columns and the coefficients of 
these unknowns are written below. For example, in writing equation 

A of Table 3, which is - N^R^ + 2ZAitfAi + 2Zbi«bi = ^^ 

— N^, the coefficient of R^, is placed in the column under fi^ ; 2Zai, the 

coefficient of Oai, is placed in the column under Oai', 2-K'bi> the 

IF h 
coefficient of Osi, is placed in the column under ^bi; and l,^ 

is placed in the column headed "Eight-Hand Member of Equation." 
Having the equations written in this form, it is unnecessary to repeat 
the unknown quantities when eliminating them from the equations by 
the method used in Table 14. 

Table 3 contains the general equations to be used in determining 
the slopes and the deflections in a symmetrical three-span bent any 
number of stories high. The subscripts 1, 2, and 3 refer to the first, 
second, and third stories respectively, and the subscripts x, y, and z refer 
to the second from the top, the next to the top, and the top stories re- 
spectively. The equations for the intervening stories are of the same 
form, but have different subscripts. 

By using the general method outlined above, that is, by writing 
an equation similar to equation 1 for each story and an equation similar 
to equations 2 and 3 for each intersection of a column with a girder 
for each story, as many equations as there are unknowns can be written 
for a bent containing any number of spans and any number of stories. 
General equations for symmetrical bents of from one to five spans are 
given in Tables 1 to 5 and similar equations for unsymmetrical bents 
of from one to five spans are given in Tables 6 to 10. 

In order to check the equations of Tables 1 to 10, a model of a 
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bent was tested and the meaaured deflections and changes in the slopes 
were compared with the same quantities calculated by the above equa- 
tions. As the entire model was cut from a sheet of celluloid the joints 
were perfectly rigid. The results of the tests are given in Fig. 15. 
The fact that the measured and computed deflections and changes in 
the slopes agree very closely indicates that the above analysis is correct. 
A solution of a numerical problem illustrating the use of the 
equations in Table 3 is given in Section VII. 

VII. Numerical Problem. 

13. Determinaiion of the Stresses in a Symmetrical Three-Span 
Twenty-Story Bent.—Fig, 5 shows a symmetrical three-span bent twenty 
stories high. The bent resists a horizontal wind load of 30 lb. per sq. ft. 
on a vertical strip one foot wide. It is required to find the moment and 
the shear in the columns and girders and the direct stress in the columns. 

The properties of the girder and column sections are shown in Table 
11, page 48. The equations of Table 3 are applicable. The numerical 
values of the constants in these equations are given in Table 12. Table 
13 contains the equations of Table 3 with the substitution of the 
numerical values of the constants given in Table 12. The figures given 
in the right-hand column are coeflBcients of .0001 as indicated at the 
head of the column; that is, the right-hand members of the equations 
are equal to .0001 times the numbers in the right-hand column. This 
method of writing the right-hand members of the equations obviates the 
necessity of repeating a large number of ciphers. 

The unknown quantities in the equations of Table 13 are eliminated 
in Table 14. The quantity Bi appears in the first three equations of 
Table 13 only. Dividing each of these equations by the coefficient of 
fii gives the three equations A, B, and C of Table 14, in all of which 
the coeflBcient of i?i is equal to plus unity. Combining these latter 
equations as indicated, that is, subtracting equation B from A to get 
equation (A — B) and subtracting equation C from B to get equation 
(B — C), gives two new equations from which R^ has been eliminated. 
Reducing the coeflScients of the left-hand terms of equations (A — B) 
and (B — C) to plus unity gives equations 1 and 2 of Table 14. Equa- 
tions D and E of Table 13 have also been reduced so that the coefficients 
of the left-hand term of each are equal to plus unity. They are re- 
written in their new form as equations D and E in Table 14. Combin- 
ing the four equations 1, 2, D, and E, as indicated in Table 14, eliminates 
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the left-hand term, ^ai- By continuing this process all the unknown 
quantities are eliminated except the last, or Obzo- Its value thus 
becomes known and is found to be .0338 X .0001 radians. With the 
value of ^20 known, the value of Oa^q can be determined from equa- 
tion 153. With ^Bio aiid Oa2o l>oth known, the value of Bgo can be 
determined from equation 150. The other values of and B can be 
determined in a similar manner. 

The process of determining the values of 6 and R is given in 
Table 15. The equations used are taken from Table 14. 

As in Tables 13 and 14, the right-hand member is equal to the 
number in the column at the right multiplied by .0001. To illustrate, 
equation 150 is 

B20 - •^'^02 ^Aao - -2993 ^B2o = -0735 X .0001. 
The left-hand term of the left-hand member of each equation is 
the unknown which is to be determined. The first line in each group 
is the algebraic form of the equation; and the successive lines are the 
numerical values of the corresponding terms. For example, equation 
155 is 

^B2o = -0338 X .0001 or .00000338. 
Again, equation 153 is: 

^A2o — -0443 $320 = .0502 X .0001. 
From the preceding equation 

.0443 ^B2o = -0443 X .00000338 = .0015 X .0001. 
The sign of this quantity as a term of the left-hand member was 
negative, and the term will, therefore, be positive after it has been 
transferred. 

Equation 153 now becomes 

Oazo = .0502 X .0001 + .0015 X .0001 = .0517 X .0001, 
as indicated in the last line of the group containing equation 153. 
Equation 150 contains R20, ^a2o> ^^d ^b2o> but ^a2o ^^^ ^b2o ^^^^ 
been determined by equations 153 and 155, respectively, therefore Bjo 
can be determined by equation 150. Similarly, equation 147, contain- 
^^S ^Bio and the three known quantities, Bao? ^a2o> ^°d ^b2o can be 
used to determine ^bi©. Equation 147 differs from the preceding equa- 
tions in that it contains both positive and negative terms in the left- 
hand member. The second term of the left-hand member, being nega- 
tive, when transferred, is added to the right-hand member. The sum 
of the two quantities is .0890 X .0001. Since the third and fourth terms 
of the left-hand member are positive, their sum, when transferred, is 
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subtracted from the quantity above. The final form of the equation is : 
^i» = .0835 X .0001. In a similar manner the other slopes, B, and 
the ratios of the deflection to the ston^ height, R, can be determined. 
B is expressed in radians, and i? is an abstract quantity. 

The tabulation of the calculations as shown in Tables 14 and 15 
facilitates the solution of a large number of equations. There are how- 
ever a numl>er of practical considerations which should be borne in 
mind when solving a problem by this method. 

An error at any point affects all of the calculations which follow. 
It is therefore desirable to have two computers carry on the work simul- 
taneously and compare results at frequent intervals in order to avoid 
the loss of time due to errors. 

A number of combinations can be made from each group of equa- 
tions. It is desirable to combine the equations so as to make the 
coefficient of the left-hand term of the left-hand member of the resulting 
equation as large as possible compared with the coefficients of the other 
terms in the eijuation. To illustrate this point, consider equations 'itby 
26, and M of Table 14. If equation M had been subtracted from equa- 
tion 26, the coefficient of 6^^ in the resulting equation would have been 
.1463 and the coefficient of R^ would have been 2.9027. The latter is 
about twenty times as great as the former. Any small error in the 
actual value of the former coefficient would be a large percentage of 
error. This same percentage of error would be introduced into the 
latter coefficient and produce a large actual error. With the combination 
of equations 25 and M as used, the coefficient of fe^ is 1.0695 and of 
/?3, 3.4313. The latter coefficient is only about three times as large as 
the foniicr and hence the effect of an inaccuracy in the value of the 
former upon tbe latter is correspondingly smaller than in the first case. 

It is possible in some cases to combine the equations in such a way 
as to give equations which are algebraically independent, but which are 
numerically nearly identical. Combining such equations gives results 
which are likely to be inaccurate. Any tendency of the equations to 
become identities can be avoided by changing the order in which they 
are combined. 

In getting the values of the remaining unknown quantities after 
one has been determined, each unknown is expressed in terms of the 
known quantities. By referring to Table 14 it is seen that in the first 
equation of a group of equations, any one of which could be used to get 
the value of an unknown, the coefficient of the quantity which is to be 
determined is larger than the coefficients of the known quantities. If 
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this equation is used^ any inaccuracies in the known quantities will 
affect the accuracy of the results less than they would if an equation had 
been used in which the coefficient of the unknown is less than the co- 
efficient of the known quantities. The various equations available should 
be examined and the one used which causes the least accumulation of 
inaccuracies. 

In order to determine the extent to which inaccuracies in the cal- 
culations accumulate, two independent sets of calculations were made; 
one set was made on a 20-inch slide rule and the other on a Puller's 
cylindrical slide rule. The two sets of calculations were compared at 
frequent intervals, and mistakes were corrected; but no adjustment of 
inaccuracies was made. The maximum variation in the slopes and 
deflections as determined in the two sets of calculations was very small. 
This indicates that the calculations can be made with a slide rule without 
greater inaccuracies than are permissible. 

The moments at the ends of the columns and girders can be deter- 
mined by substituting the values of the deflections and the slopes, given 
in Table 15, in equations A and B of Section V. To facilitate this work, 
the quantities which occur in these equations are given in Tables 16 
and 17. The values of R and taken from Table 15 are given in the 
second, third, and fourth columns of Table 16; and the functions of 
the values of R and 6 which occur in the equations are given in the 
remaining columns of the same table. The values of K taken from 
Table 12 are given in the second, third, fourth, and fifth columns of 
Table 17; and the functions of the values of E which occur in the 
equations are given in the remaining columns of the table. The moments 
at the ends of the columns and girders given by the fundamental equa- 
tion, Mab = 2EK (26a + 0b-'SR), are the products of two factors, 
one of which is given in Table 16 and the other in Table 17. The 
values of the moments are given in Table 18. 

The shear in any member is equal to the algebraic sum of the 
moments at the tvvo encis of the member divided by its length. The 
direct stress at any section in column A is equal to the algebraic sum 
of the shears in the girders in bay a above the section. The direct stress 
at any section in column B is equal to the algebraic sum of the shears 
in the girders in bay a plus the algebraic sum of the shears in the 
girders in bay b above the section. The shears in the columns and 
girders and the direct stresses in the columns are given in Table 19. 

The sum of all of the moments at the top and the bottom of all 
the columns in a story is equal to the total shear on the story multiplied 
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by the story height The algebraic sum of the moments in the girders 
on the two sides of a column is equal to the algebraic sum of the moments 
in the columns on the two sides of the girder. 

The total shear on a story multiplied by the story height and the 
algebraic sum of all of the moments at the top and the bottom of all 
columns of a story, as given in Table 18, are given in the second and 
third columns of Table 20. The algebraic sum of the moments in 
column A at sections immediately above and below the girders and the 
moments in the girders in bay a at sections adjacent to column A, are 
given in the fourth and fifth columns of Table 20. The algebraic sum 
of the moments in column B at sections immediately above and below 
the girders and the algebraic sum of the moments in the girders in bays 
a and 6 at sections adjacent to column B, are given in the sixth and 
seventh columns of Table 20. The accuracy of the computations can 
be checked by comparing the two values for the same quantity as given 
in adjacent columns of Table 20. To illustrate, for the sixth story, the 
total shear in the story multiplied by the story height is 913,000 inch- 
pounds, and the sum of the moments at the tops and bottoms of all 
columns in the story is 914,400 inch-pounds. For a perfect check, the 
two quantities would be equal. An inspection of the table shows that 
the values check very closely. 

The moments given in Table 18 are due to a horizontal wind load 
of 30 lbs. per sq. ft. acting on a vertical strip one foot wide. To obtain 
the moments due to the wind load on any portion of the building, multi- 
ply the moments in Table 18 by the width in feet of the portion of the 
building on which the wind load acts. 

VIII. Approximate Methods. 

14. Nomenclature of Methods,— The method used in Section VII 
to determine the stresses in a symmetrical three-span twenty-story bent 
can be used in tlie actual design of a building, but a shorter method is 
desirable. The writers propose an approximate method which is much 
shorter than the method used in Section VII and which they believe 
is sufficiently accurate to be used in the actual design of buildings. For 
the sake of convenience in reference, this approximate method will be 
designated as the "Proposed Approximate Method" as distinguished 
from the method used in Section VII, which will be designated as the 
"Slope-Deflection Method." The slope-deflection method can be modi- 
fied to advantage under certain special conditions. Such modifications 
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will be designated as "Modifications of the Slope-Deflection Method/' 

15. Proposed Approximate Method.— The proposed approximate 
method is based upon the following assumptions in addition to those 
used in the slope-deflection method. 

1. The changes in the slope at the top of a column in the story 
above and in the story below the one in which the stresses are to be 
determined, are equal to the change in the slope at the top of the corre- 
sponding column in the latter story. 

2. The ratio of the deflection to the length of the columns in the 
story above the one in which the stresses are to be determined, is equal 
to the ratio of the deflection to the length of the columns in the latter 
story. 

In other words, in determining the stresses in the second 
story, ^Ai and Oa^ are assumed to be equal to Oa2 ; ^bi and Sb^ are as- 
sumed to be equal to ^82^ and fl, is assumed to be equal to Bn* Also, 
in figuring the stresses in the third story Oa2 and Oa^ are assumed to 
be equal to Oaz', ^bj and ^b* are assumed to be equal to 0bz; and R^ 
is assumed to be equal to B,. This does not mean, however, that the 
values of ^a2> ^b2> and R^ used in determining the stresses in the sec- 
ond story are equal to the values of Saz, Obz, and B, respectively, used 
in determining the stresses in the third story. 

An examination of the equations in Table 3 shows that, if assump- 
tions 1 and 2 were true, three equations containing only three imknown 
quantities could be written for each story of the bent. To illustrate, 
consider the equations for the second story. In accordance with assump- 
tions 1 and 2, 

^Ai = ^A2 ~ ^A3 
^Bi = Ob2 ^= Obz 

Substituting ^a2 for 6ai and ^as, ^b2 for Sbi and Obz, and R^ 
for Bj in equations D, E, and F of Table 3 gives : 

-Ar,B,-f4ZA2^A2 + 4ZBA2 =" ^ (1) 

-3 (Ka, + Kas) R2+ (Ka2+Ja2+ Kas) eA2 + K,2eB2= (2) 

- 3 (2rB2 + Kb,) R2 + K^.Oa, + {Kb2 + Jb2 + i^b2 + ^Ba) fe, = . . (3) 
These equations have been written for the second story. Similar equa- 
tions can be written for any other story by making the proper changes 
in the subscripts. 

Equations 1, 2, and 3, obtained from the equations in Table 3, can 
be used in determining the stresses in a symmetrical three-span bent 
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any number of stories high. If similar changes are made in the equa- 
tions of Tables 1 to 10 inclusive, groups of equations can be obtained, 
one for each bent, which can be used to determine the stresses in any 
story of symmetrical bents of from one to five spans and also of im^m^ 
metrical bents of from one to five spans. 

The sum of the moments at the tops and bottoms of all columns of a 
story is equal to the total shear in the story multiplied by the story 
height. The distribution of this moment to the ends of the columns 
depends upon : first, the ratio of the K of column A to the K of column 
B; second, the ratio of the K of colunm il to the iT of girder a; and third, 
the ratio of the K of girder a to the -E" of girder b. 

The distribution of the moment was determined in a number of 
bents for which the ratios of the K of column A to the K of column B, 
the K of column A to the K of girder a, and the K of girder a to the K 
of girder b had different values. Diagrams showing the distribution of 
the moment in these bents also give the distribution of the moment in 
other bents. The curves in Pigs. 6, 7, and 8 show the distribution of 
the moment in symmetrical three-span bents. In Pig. 6, the curves in 
group I show the moment at the top and the bottom of column A in 
bentfi in which the K of column A and the K of column B are equal. 
The abscissae represent the ratios of the K of girder a to the JC of girder 
b ; and the ordinates represent the moment at the top and the bottom of 
column A in per cent ot W Xh. Beginning at the top and reading down, 
the curves are for bents for which the ratio of the K of column A to 
the K of girder a equals 0.5, 1, 2, and 4 respectively. The moment in 
column 4 of a bent for which the ratio of the K of column A to the K 
of girder a has any intermediate value can be determined by interpola- 
tion. 

The curves in groups II, III, IV, and V, of Pig. 6, when used 
with the curves in group I, give the moment at the top and the bottom 
of column A in bents in which the K of column A and the K of column 
B are not equal. The curves in groups II, III, IV, and V are for bents 
for which the ratio of the K for column A to the K for girder a equals 
4, 2, 1, and 0.6, respectively. Beginning at the left of each group and 
reading to the right, the curves are for bents for which the ratio of 
the K for column A to the K for column B equals 0.6, 1, and 2, re- 
spectively. 

The moment at the top and the bottom of column A can be ob- 
tained from the diagram^ in Pig. 6 in the following manner: 

Pirst consider the moment in a bent in which the K of colunm A is 
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equal to the £' of ccjuiim B. Determine the value of-^r- and of -^. 

Use the curves in group I. Trace a vertical line whose abscissa equals 

K K 

-^?- until it intersects the curve corresponding to the value of -«-. 

Project the point of intersection horizontally to the left and read the mo- 
ment in per cent of TF X ft from the vertical scale. As W and A are 
known quantities the moment is determined. 

Next consider the moment in a bent in which the K of column A 

and the K of column B are not equal. Determine the value of "^j-tt"* 

Ab Aft 

and -^^. First use the curves of group I. Trace a vertical line whose 
Ab 

K 
abscissa equals •^?- until it intersects the curve corresponding to the value 
Ab 

of -^. Project the point of intersection horizontally to the right to the 

group of curves corresponding to the value of -^ until it intersects the 

Aft 

particular curve of this group corresponding to the value of-^. Project 

Ab 

this intersection point vertically downward and read the moment in per 

cent of TF X A from the horizontal scale. 

Similarly, the moments at the top and the bottom of column B 
can be obtained from Fig. 7, and the moment at the end of girder h 
can be obtained from Pig. 8. It should be noted, however, that the moment 
in girder i depends equally upon the W Xh in the story above and in 
the story below the girder. This being true, in getting the moment in 
girder h, the average of the IF X ft for the two stories should be used. 

The moment at the right end of girder a balances the sum of the 
moments in column A just above and below the girder and is equal to 
their algebraic sxma. The moment at the left end of girder a balances 
the sum of the moments at the right end of girder h together with the 
moments in column B just above and below girder a and is equal to 
their algebraic sum. It is therefore possible to obtain the moment at 
the ends of all members in a bent from the curves in Figs. 6, 7, and 8, 
subject, of course, to the error due to the use of assumptions 1 and 2 
of this Section. 

The curves in Figs. 6, 7', and 8 show that a large change in the 
ratio of the K of one member to the K of another member causes a 



Digitized by 



Google 



^A 

Kb ~ 
ATa 


30 
40 
30 


k: - 

A'. 


20 
20 


Kr, - 


16 



28 ILLINOIS EKOINEEBINO EXPERIMENT STATION 

relatively small change in the distribntion of the moments in the bent. 

16. Numerical Problem.— To illustrate the use of these curves the 
solution of a problem is presented. 

The seventh story of a symmetrical three-span bent is 20 ft. higl^ 
and is subjected to a shear of 3^000 lbs. The eighth story of tiie same 
bent is 20 ft. high, and is subjected to a shear of 2,500 lbs. The prop- 
erties of the members in the seventh and eighth stories are as follows: 

jrA = 30 in.»; ZB = 40in.»; K^ = 20 in.»; and K^ = 16 in.». It 
is required to find the moments at the ends of all members in the sev- 
enth story. 

F X A = 3,000 X 20 X 12 = 720,000 in. lb. in the seventh story. 

TF X A = 2,500 X 20 X 12 = 600,000 in. lb. in the eighth story. 

= .75 
= 1.5 
= 1.25 

To get the moment in column A use Fig. 6. At the left of the 
figure trace the ordinate whose abscissa is 1.25 to a point half way be- 

tween the two middle curves {-^ = 1.5, which is half way between 1 

and 2), and project this point horizontally to a point half way {~^ = 

.75, which is half way between .5 and 1.0) between the two left-hand 
curves of Group II, and also to a point half way between the two left- 
hand curves of Group III. The abscissa of the former point is 9.36 per 

cent, and of the latter point 9.15 per cent. As -rr-is equal to 1.5 or the 

average of 1 and 2, the moment at the top and the bottom of column A in 
the seventh story, 3f at, is the average of 9.35 per cent and 9.15 per cent or 
9.25 per cent otWXh, that is, 3f at = .0926 X 720,000 = 66,700 in. lb. 
The moment, Jf Ag, at the top and the bottom of column 4 in the eighth 
story is .0925 X 600,000, or Mas = 65,500 in. lb. Similarly, the moment 
at the top and bottom of column B, IfsTj is 15.75 per cent otWXh, that 
is, If bt = .1575 X 720,000 = 113,500 in. lb. in the seventh story; and 
Mbb = .1575 X 600,000 = 94,400 in. lb. in the eighth story. The moment 
3fbT, at the end of girder b at the top of the seventh story is 13.86 per cent 
oiWXh, that is. 
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Moments Acting at Points A8 and B8 of a Symmetrical Three- 
Span Bent. 
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The moment at the right end of girder a at the top of the seventh story 
is equal to the sum of 66,700 in. lb., the moment at the top of column 
A in the seventh story, and 55,500 in. lb., the moment at the bottom 
of column A in the eighth story, or 122,200 in. lb. (see Pig. 9b). The 
moment at the left end of girder a is equal to the sum of 113,600 in. 
lb., the moment at the top of column B in the seventh story, and 94,400 
in. lb., the moment at the bottom of column B in the eighth story, less 
91,600 in. lb., the moment in the end of girder b; that is, the moment 
at the left end of girder a is 116,400 in. lb. (see Fig. 9a). 

A comparison of the moments in a bent as obtained by the pro- 
posed approximate method and by the slope-deflection method is given 
in Tables 23 to 26 inclusive. 

17. Modifications of the Slope-Deflection Method,— ^he writers 
made a study to determine the effect of a change in the section of one 
member of a bent upon the moment in the other members. The mo- 
ments were determined in a number of bents in which K = 1 for all 
members except the one whose effect upon the distribution of the mo- 

Wh 
ment was to be studied. The quantity -^ was taken equal to 1 for all 

stories and for all bents. The K of column B was given successively 
the values 0.6, 1, 2, and 4; and the corresponding moment at the ends 
of columns A and B and at the ends of girders a and b was calculated 
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in the story in which the K of column B was changed, and also in the 
stories immediately above and below that story. Similarly, the K of 
column A,iheK of girder a and the K of girder b were given successively 
the values 0.5, 1, 2, and 4, and the corresponding values of the moment 
at the ends of the girders and the columns were determined in the par- 
ticular story and also in the stories immediately above and below that 
story. The effect of the changes in the values of the K of the members 
upon the moment is given in Figs. 10, 11, and 12. 

Fig. 10 shows the changes in the moment at the top and the bottom 
of column A. The abscissae are changes in the moment expressed in 
per cent of the moment in a bent for which the K of all members is 
equal to 1. Increases in the moment are laid off to the right of the 
origin, and decreases are laid off to the left. The ordinates represent 
the values of the K in the member changed. The story in which the 
moment was calculated is designated as story No. N, the story above is 
designated as story No. (iV + 1), and the story below No. (2V— 1). Each 
curve shows the change in the moment at the top or the bottom of 
column A due to a change in the value of the A' of some member. The 
number of the curve which shows the change in the moment in column 
A due to a change in the K of any particular member can be obtained 
from the key to the diagram in Fig. 10. For example, curve No. 3 shows 
the change in the moment at the top of column A due to a change in the 
K of girder b in story No. N, If the K of girder b is made equal to 2, 
the moment at the top of column A is 8.9 per cent less than when the A' 
of girder b is equal to 1. Curve No. 3 also shows the change in the mo- 
ment at the bottom of column A due to a change in the K of girder b in 
story No. {N — 1). If the A for girder b in story No. {N — 1) is equal 
to 2, the moment at the bottom of column A is 8.9 per cent less than when 
the K for girder b is equal to 1. 

Similarly, the changes in the moment in column B due to changes 
in the K of the members of the bent are given in Fig. 11 and the 
changes in the moment in girder b are given in Fig. 12. 

Fig. 10 shows that the moment in column A of any story not only 
depends upon the value of the A of the members in the same Hlory hut 
depends also upon the value of the K of the members in tlie adjacent 
stories. Figs. 11 and 12 show that the same statement is trii** n^Utive 
to the moment in column B and girder b. This being true, am Mf^pndti- 
mate method which considers only the members in the story in which 
the stresses are to be determined can not give accurate results except 
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in bents which have no yery sudden changes in the sections of tiie 
columns and girders. 

Where there are sudden changes in the column and girder sections, 
the proposed approximate method is not accurate. In such cases it is 
sometimes possible to use a modification of the slope-deflection method 
and obtain quite accurate results with a comparatively small expendi- 
ture of labor. This modification of the slope-defiection method may be 
made in either of two ways^ as follows: (a)^ the bent may be divided 
by a horizontal plane between any two adjacent fioors, and the 
lower part be treated independently of the upper part; or (b), the 
bent may be divided by two horizontal planes any number of stories 
apart, and the portion between these planes may be treated independent- 
ly of the other portions of the building. These modifications will be 
considered in detail. 

(a) The wind stresses in the top stories of a bent are com- 
paratively small and their exact determination is not important. An 
examination of the equations of Table 15 shows that the coefficient of 
the quantity to be determined is greater than the coefficients of the 
quantities in which the unknown is expressed. This being true, errors 
in the slopes and the deflection of one story have but little effect upon 
the slopes and deflections of the succeeding stories. Further examina- 
tion of the same table shows that there is a comparatively small differ- 
ence between the change in the slope at the top of a column in one 
story and the change in the slope at the top of the same column in the 
story below. If the two changes in slope are assumed to be equal, the 
error introduced is small. Bearing these facts in mind, consider again 
the twenty-story bent of Section VII. If tfAi2 and ^bh are assumed 
equal to ^xn and ^bh respectively in equations f, g, and h of Table 
13, the first 34 equations will contain 34 unknown quantities which 
can be determined by the method used in Tables 14 and 15. That is, 
assuming that the changes in the slopes of the columns in one story 
are equal to the changes in the slopes of the same columns in the story 
below, is equivalent to dividing the bent into two parts; and the 
equations for the lower part can be solved independently of those of 
the upper part. If the slopes which are assumed equial are not really 
equal, the calculated slopes and deflections in the top story of the lower 
part will not be exact, but the results of a number of calculations show 
that the error in the slopes and the deflection in the next to the top 
story is so small that it may be neglected. This being true, if, in the 
actual design of the twenty-story bent of Section VII, it is con- 
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sidered uimecefisary to calculate the wind stresses in the top ten stories^ 
the bottom eleven stories may be treated as a complete bent and 
the stresses determined by the method outlined aboTe, thereby decreasing 
the work. The stresses in the bottom ten stories will be quite exact. 
The bent could have been divided at any other story without affect- 
ing the accuracy of the results. 

If there are sudden changes in the members the bent can be divided 
above the story in which the change occurs, and the stresses in the lower 
part can be determined by the method outlined above. 

Table 23 shows that the largest errors in the proposed approximate 
method are in the first story. The moments can be determined in the 
first story by the modification of the slope-deflection method as follows : 
Assume that the slopes in the third story are equal to the corre- 
sponding slopes in the second story. The first seven equations of 
Table 13 will then contain only seven unknown quantities. The solu- 
tion of these equations is given i^ Tables 21 and 22. The changes in 
the slopes and the deflection for the first story as given in Table 22 
agree very closely with the values for the same quantities given in Table 
15, and the moments, being functions of the slopes and deflection, will 
also agree very closely with the moments given in Table 18- 

(b) The moments in any particular story may be determined if 
there is some story below the one in question in which it can be seen 
by inspection that the changes in the slopes at the tops and the bottoms 
of the columns are equal. Suppose the moments are to be determiaed 
in the tenth story of the bent shown in Fig. 5, and that it is apparent 
from inspection that ^a8 = ^a»> and ^b8 = ^b». Then assume that 
^Aii = ^Aii, and ^Bia = ^Bii. The ten equations^ Y to h inclusive 
of Table 13, will contain ten unknown quantities. If the slopes in 
the eighth and ninth stories, which have been assumed to be equal, are 
equal then the slopes and the deflection, and therefore also the moments, 
in the tenth story will be quite accurate, but if the slopes below the 
story in question which are assumed to be equal, are not really equals 
the required moments will not be exact. That is, a difference between 
the slopes below the story in question affects the results, whereas a differ- 
ence between the slopes above the story does not materially affect the 
results. 

18. Application of the Proposed Approximate Method and Modifi- 
caiion of the Slope-Deflection Method.— Ho obtain the moment in a bent 
in which there are sudden changes in the sections, the following com- 
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biuation of methods can sometimes be used to advantage. Use the pro- 
posed approximate method for obtaining the moment in the portion of 
the bent in which there are no sudden changes in the sections of the 
members. Use a modification of the slope-deflection method to get the 
moments in the bottom ston' and in any intermediate stories in which 
sadden changes in the members occur. The results thus obtained will 
be sofBciently accurate to be used in the actual designs of buildings, and 
the amount of work required will not be excessive. 

IX. Comparison of the Approximate Methods With the Slope- 
Deflection Method. 

19. Symmetrical Three-Span Bent with Short Middle iSfran.— For 
comparison, the moments in the s\Tnmetrical three-span twenty-story 
bent shown in Fig. 5 were calculated by the five following methods : 

1. The slope-deflection method. 

2. The proposed approximate method. 

3. The three methods described by Mr. Fleming and known as 
methods I, II, and III. 

The moments as determined by these methods are given in Tables 
23 and 21. For each story the moments in the upper line are in 1,000 
in. lb., and those in the lower line are in per cent of the moments as 
determined by the slope-deflection method. Tables 23 and 24 show in 
the case of this bent: first, that the moments determined by methods II 
and III are very seriously in error; second, that the moment determined 
by method I and by the proj)osed approximate method agree very closely 
with the moment determined by the slope-deflection method except at 
points where there are sudden changes in the members of the bent; 
third, that the errors in the moment determined by the proposed ap- 
proximate method are less for the girders than for the columns. 

20. Symmetrical Three-Span Bent with Long Middle Span.-'The 
distribution of the moment determined by the slope-deflection method 
is affected by the ratio of the A' of girder a to the K of girder b. As 
this ratio does not affect the distribution of the moment determined by 
methods I, II, and III, the accuracy of the latter methods will depend 
upon the relative values of A' for the two girders. 

In tlie bent shown in Fig. 5, the A' is less for girder a than 
for girder 6, since the girders have substantially the same sections and 
girder a is longer than girder h. In order to determine the effect of 
the relative values of the K of girders a and b upon the accuracy of 
the approximate methods, the moment in the bottom four stories of the 
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bent shown in Fig. 13, a bent like the one shown in Fig. 5 ex- 
cept that the long and short spans have been interchanged, was deter- 
mined by each of the five methods mentioned in article 19. The results 
are given in Tables 25 and 26. The moments determined by the pro- 
posed approximate method are as accurate as those- given in Tables 23 
and 24; whereas the moments determined by method I are inaccurate, 
and those determined by methods II and III are very inaccurate. 

21. Ejfect of the Proportions of a Bent upon the Accuracy of 
Method /.—In order to determine more fully the effect of the propor- 
tions of a bent upon the accuracy of method I, the moments were deter- 
mined in a number of bents having different proportions, by the slope- 
deflection method and by method I. These moments are given in 
Table 27. 

In bents 1 to 9 of this table all girders and columns have the 
same section. The ratio of the moment of inertia of the columns to the 
moment of inertia of the girders and also the ratio of the moment of 
inertia of the girder in bay a to the moment of inertia of the girder in 
bay b, affects the moment determined by the slope-deflection method 
but does not affect the moment as determined by method I. If the 
sections of the columns and girders are not the same, the difference 
between the moments determined by the two methods might vary even 
more than Table 27 indicates. Any errors in the moment due to sudden 
changes in the sections of the bent are in addition to the errors indicated 
in Table 27. 

The difference between the two methods is due to the fact that in 
method I the direct unit stress in a column is proportional to the dis- 
tance of the column from the neutral axis of the bent; whereas in the 
slope-deflection method the stress in a column depends upon the shears 
in the girders, and the shears in the girders depend upon the changes 
in the slopes at the ends of the girders and upon the moment of inertia 
of the girder sections. 

22. Accuracy of the Approximate Methods when the Moment of 
Inertia of the Oirders is Proportional to the Bending Moment. — In the 
comparison of the approximate methods with the slope-d(?iioctinn method 
given in Tables 23 to 27, the sections of the girders wore rlKtsen with- 
out reference to the moment to which they were subjected, except the 
girders in the bent shown in Fig. 5. The girders in this bent wen? 
designed to resist the bending moment determined by method L An- 
other investigation was made to determine the accuracy of the approxl- 
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mate methods when applied to bents in which the girders were designed 
to resist the bending moment due to the wind load as determined by the 
method which is to be compared with the slope-deflection method. The 
results of this investigation are given in Tables 28 to 31. In Table 28 
the moments of inertia of the sections of the girders are proportional 
to the bending moments determined by method I. The sections of the 
colmmns are equal, and the moment of inertia of the sections of the 
columns is equal to the moment of inertia of the section of girder a. 
Table 28 shows that method I gives the moment in the columns and 
girders quite accurately when the spans are equal and the story height 
does not exceed the length of the span. This statement is true, in gen- 
eral, only when the two colimm sections are equal and when the moments 
of inertia of the sections of column A and girder a are equal. 

In considering the merits of the approximate methods, it should 
be noted that the moment which should be determined with the greatest 
accuracy is the moment to which the joint that connects the girder to 
the column is subjected. This moment is the moment at the ends of the 
girders. If the moments of inertia of the sections are not made propor- 
tional to the bending moment determined by method I, the method will 
not t)e as accurate as Table 28 indicates. 

The moments of inertia of the girder sections of Table 29 are 
proportional to the bending moments in the respective girders as deter- 
mined by method II. The moments of inertia of the girder sections of 
Table 30 are proportional to the bending moments in the respective 
girders determined by method III. It is apparent from Tables 29-30 
and Tables 23-26 that methods II and III are so inaccurate that they 
should never be used. 

The moments of inertia of the girder sections of Table 31 are 
proportional to the bending moments in the respective girders as deter- 
mined by method IV. For bents having equal spans and equal column 
sections this method gives quite accurate results. 

While methods I and IV may be quite accurate in some cases, their 
accuracy depends upon the proportions of the bent. For example, by 
comparing Tables 27 and 28 it is apparent that if the momenta of 
inertia of the girder sections are not proportional to the bending moments 
determined by method I, that method will not be as accurate as when 
the girder sections are so proportioned. Again, in Tables 28 and 31 
the sections of the columns are equal and the moments of inertia of 
the sections of column A and girder a are equal ; but if these relations 
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do not exist, the methocU will not in general be as accurate as Tables 
28 and 31 seem to indicate. 

Any inaccuracy in methods I and IV due to sudden changes in the 
members of the bent, are in addition to the inaccuracies shown in Tables 
28 and 31. 

For the bents shown in Tables 28 to 31, the moments determined 
by the proposed approximate method are exactly the same as the moments 
determined by the slope-deflection method. 

X. Test of a Celluloid Model of a Bent. 

23. D€Jicription of Tests. — In order to check the deflections and 
the changes in the slopes calculated by the slope-deflection method, a 
celluloid model of a bent was subjected to known shears, and the result- 
ing deflections and changes in slopes were measured and compared with 
the calculated values. The model was made of celluloid Vh inch thick, 
and had the general dimensions shown in Fig. 14. A cord passing over 
a pulley and attached to a weight at one end and to the top of the 
model at the other, produced a uniform shear in all stories. Paper arms 
were fastened to the model at points where the members intersect. The 
m.overaent of these arms indicated the changes in the slopes. One of 
these arms, A^D, is shown in Fig. 14. The external force caused the 
point -4 2 to move in approximately a horizontal line and at the same 
time to turn tlirough a small angle, 6. The paper arm A^D has the 
same motion as the point A^ ; thus the vertical displacement of D measures 
the angle $. The horizontal deflection of the model was obtained by 
measuring the displacement of a point at the middle of a girder. Paper 
arms were attached to all four columns at the tops of all stories simul- 
taneously, and the changes in the slopes at all intersections were 
measured for each application of the load. Similarly, the horizontal 
deflection was measured at the middle of each of the three girders at 
the top of each story. 

In the original model, known as model No. 1, members No. 1, 2, 
3, and 4 were i/l> inch wide ; all other members were 14 inch wide. After 
this model had been tested, member No. 1 was reduced to 14 ii^^h I aiid 
then the resulting model, now known as No. 2, was tested. Members No. 
2, 3, and 4 were successively reduced to V4 inch ; and the resulting models, 
now kno\ni as models No. 3, 4, and 5, were also tested. 

In testing model No. 1, observations were made when loads of 
214 lb., 5 lb., 7y2 lb., and 10 lb. were applied. The readings for the 
two sides of the model agreed very closely in the bottom three stories; 
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but in the fourth story they did not agree. Thinking that this discrep- 
ancy might be due to excessive stresses, when testing model No. 2, a 
maximum load of only 7^4 lb. was used; but there was still the same 
discrepancy in the readings. Thinking that the apparatus might be 
out of order, the loads were removed and then applied a second time but 
the second readings agreed very closely with the first. In testing models 
Xo. 3, 4, and 5, loads of 114 lb., 3 lb., and 4^/^ lb. were applied. The 
loads were then removed and applied in the opposite direction. The 
readings for the two sides of the model continued to agree very closely 
in the bottom three stories; and in the fourth story they continued to 
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Fig. 14. Celluloid Model. 

disagree. It is therefore probable that either the material was not 
homogeneous or that there were internal stresses or local weaknesses in 
the upper part of the model. 

The observations made in the test of model No. 4 are given in 
Table 32. 

24. Remits of Tests— The results of the tests of the models are 
given in Fig. 15. The models are shown by the sketches at the left 
of the figure. In these sketches members represented by heavy lines 
are ^ inch wide, and all other members are Vi i^^ch wide. The upper 
diagram of Fig. 15 shows the changes in the slopes and the lower 
diagram shows the deflections. 

In the upper diagram the first group of lines at the left represents 
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the changes in the elope at the point A^, the second group represents 
the changes at A 2, and similarly the third and fourth groups represent 
the changes at 4, and A^, The fifth group of lines from the left repre- 
sents the changes in the slope at the point B^, the sixth group at Bj, and 
similarly for the other groups. In the left-hand group of lines ihe 
change in the slope at the point A^ of model No. 1 is laid oflP from the 
origin on a horizontal line opposite the sketch of model No. 1; the 
change in the slope at A ^ of model No. 2 is laid oflP from the origin on 
a horizontal line opposite model No. 2 ; the change in the slope at A , of 
model No. 3 is laid ofif from the origin on the horizontal line opposite 
model No. 3; and the change in the slope at A^ of model No. 4 iu laid 
off from the origin on the horizontal line opposite nuodel No. 4. The 
full lines connect points which represent the quantities as measured J 
and the dotted lines connect points which represent the same quantities 
as computed by the slope-deflection method. The changes in the slopes 
at A.^, A^, A^, Bj, Bj, B^, and B4 are shown in a similar manner. 

The lower diagram shows the ratios of the deflection to the story 
height in the different stories of the models. The method of represent- 
ing the ratios of deflection to story height is similar to the method used 
to represent the changes in the slopes in the upper diagram. 

It will be noticed that the calculated quantities are in general greater 
than the observed quantities. The reason for this is : In the computa- 
tions, the length of a member was taken equal to the distance between 
center lines, whereas the length that is actually free to bend is the dis- 
tance from outside to outside of the members. This accounts for the 
difference between the observed and the computed values. 

Fig. 16 shows that the changes in the slopes and the ratios of the 
deflection to the story height as observed and as computed agree closely. 
In other words', the tests support the theory upon which the slope- 
deflection method is based. 

XI. Discussion op the Assumptions. 

25. Preliminary,— In making the analysis of the stresses the writers 
made certain assumptions in regard to the action of the frame when 
stressed. The effect of inaccuracies in these assumptions wiD now be 
considered. 

If all of the columns of a story are taken together as a free body, 
the algebraic sum of the moments at the tops and bottoms of all the 
columns is equal to the shear on the story multiplied by the story height 
As the moments in the columns are balanced by the moments in the 
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girders, the algebraic gum of the moments at the ends of the girders is 
dependent upon the product of the shear in the story and the story 
height. These facts should be borne in mind in discussing the eflPect 
of inaccuracies in the assumptions upon the moments in a bent 

26. Assumption of Perfect Rigidity.— AccoTiing to assumption No. 
1, the connections between the columns and girders are perfectly rigid. 
The truth of this assumption can be determined only by tests. As far 
as the writers are aware no such tests have been made. While it is 
undesirable to make a mathematical analysis which is based upon an 
unverified assumption, some assumption relative to the rigidity of the 
connections must be made before the stresses in a frame can be deter- 
mined. The distribution of the stresses depends more upon the relative 
stiffness than upon the actual stiffness of the connections. In view of 
these facts, it seems that the assumption of perfect rigidity of tlie joints 
is the roost logical one that can be made. 

27. Assumption of the Unchanged Length.— Accoriing to assump- 
tion No. 2, the change in the length of a member due to the direct stress 
is equal to zero. 

If columns A and B change in length, the moment at the right- 
hand end of girder a will be given by the equation 

Mab = 2EK^ (2^A + ^B - 3fi.) , 
in which R^ is equal to the difference between the changes in tlie lengths 
of columns A and B divided by the length of girder a. In the derivation 
of the general equations in Section VI, B. was assumed to be equal to 
zero. If the changes in the lengths of the columns do not alter the 
values of ^a and 6b, the change in the moment AITab, at the right- 
hand end of girder a due to the changes in the lengths of the columns is : 
AilfAB = 2JFir. (-3B.). 

The change in tlie moment at the left-hand end of girder a is equal 
to the change at the right-hand end. The difference between the changes 
in length of columns A and B, or the deflection of one end of girder a 
relative to the other end, is given by the equation : 

d = — 7-=- , in which 
AE 

d = the deflection, 

P = the difference between the stress in column A and the stress in 

column B, 

I = the length of the columns, 

A = the area of the column section, 

E = the modulus of elasticity of steel. 
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From Table 19, page 75, the compressive stresses in the first story 
of columns A and B are 14,464 lb. and 4,587 lb. respectively. 

Therefore P = 14,464 — 4,587 = 9,877 lb. From liable 1 1, page 4S, 
I = 264 in., A\ = 30.5 in.», and A = 112.8 sq. in. E = 29,000,000 lb. 
per sq. in. Substituting these values in the above equation for d^ gives: 

d = .000798 in. 

By definition, Ba= — —, therefore 

R^ = _^2^?^= .00000303, and 
264 

A3fAB = 2 X 29,000,000 X 30.5 (- 3 X .00000303) = - 10,050 in. lb. 
This change in the moment is 5.6 per cent of the moment at the right- 
hand end of girder a as given in Table 18, page 7 K Likewise tfie 
moment at the left-hand end of girder a is decreased by 16,050 in. lb., 
which is 6.6 per cent of the moment as given in Table 18. 

The moment at the end of girder b is affected by the changes in the 
lengths of two columns, 5, one on each side of the tenter line of the 
bent. One column is subjected to a tensile stress of 4,587 lb., and the 
other to a compressive stress of 4,587 lb. The deflection of girder h 
is given by the equation 

^__ 2 X 4,587 X 264 __^ 
112.8 X 29,000,000 ^ 

.00074 
«b = c./. = .00000343. 
216 

a3/bb = 2 X 29,000,000 X 37.3 X 3 X .00000343 = 22,300 in. IK, 

which is 9.0 per cent of the moment at the end of girder h as given in 

Table 18. 

The change in the length of a column is a function of the unit 

direct stress and also a function of the story height. The first story 

of the building considered is much higher (22 ft.) than ihe other stories, 

and the unit direct stress in the columns in the fir^t ^tory is greater 

than in the stories above; hence the change in the leni^ftii of the euliiiriiis 

is ver}' much less in the other stories than in the first story. Therefor© 

the changes in the moments for the other stories will be Ioj^s than those 

in the first story computed above. 

The changes in the moments in the columns liave been deter- 
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mined and it remains to consider the effect of the direct stresses in the 
girders. The direct stress in a girder is very small in comparison with 
the direct stress in a column and therefore may be neglected. 

If the changes in the slopes were not affected by the changes in 
the lengths of the columns^ the moments at the ends of girders a and b 
would be decreased. As the sum of these moments is determined by 
the product of the shear in the story and the story height^ they can not 
all be decreased simultaneously. Therefore all of the changes in the 
slopes must be increased until the sum of the moments at the ends of 
the girders will balance the moments in the columns. This will make 
the moments at the ends of the girders practically the same as they 
would have been if the columns had not changed in length. If the 
moments at the ends of the girders are not materially affected^ the 
moments at the ends of the columns will not be materially affected. 
Therefore although the direct stresses in the columns do change the 
lengths of the columns^ th&y do not affect the stresses in the frame to any 
great extent. 

28. Assumption as to Length of Members.— In accordance with 
assumption No. 3^ the length of a member was taken as the distance 
between the center lines of the members which it intersects. This makes 
the changes in the slopes and deflections, as calculated, greater than the 
actual values. The effect of the inaccuracy of this assumption upon the 
distribution of the moments is, however, not so apparent. 

The curves in Fig. 6, 7, and 8 show that the distribution of the 
moment in a story depends upon the relative values of K of the mem- 
bers, but that it takes a comparatively large change in the -K" of a mem- 
ber to appreciably affect the distribution of the moments. The fact 
that the length of a raiember has been taken equal to the distance between 
center lines, has but little effect upon the relative values of K for tlie 
members; and therefore does not materially affect the distribution of 
the moments. 

29. Assumption as to Deflection Due to /SA€ar.— According to 
assumption No. 4, the internal shearing stresses in a member produce no 
deflection. The distribution of the stresses is dependent, not upon the 
actual deflection of the columns due to shear, but upon the differences 
between the deflections in the different columns. The shears on the 
columns are small and the differences between the shears are still smaller; 
and therefore the assumption that the deflection due to shear is equal to 
zero will not cause any appreciable error. 

30. Assumption as to Load.— According to assumption No. 5, the 
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entire wind load is resisted by the steel frame. The walls of a building 
no doubt help to resist the wind loads, but the resistance which they 
exert is uncertain. If a portion of the load is considered as being re- 
sisted by the walls the stresses in the steel frame are correspondingly 
reduced ; but the method of determining the stresses is not afEected. 

XII. Conclusions. 

As a result of the investigation described in this bulletin the follow- 
ing conclusions can be made relative to the methods used to determine 
the wind stresses in the steel frames of office buildings. 

a. Methods II and III of Section II are so inaccurate that they 
should never be used; I and lY are quite accurate in some cases, but 
they may give results which are seriously in error. 

b. The method presented in Sections VI and VII, and designated 
as the slope-deflection method, contains no approximations except those 
in the assumptions. It has been shown that the inaccuracies in the 
assumptions do not materially aflPect the results. Therefore the method 
is very accurate. 

c. While the slope-deflection method is long, it could be used in 
the actual design of a building; but it has its greatest value as a standard 
by means of which the accuracy of the approximiate methods may be 
determined. 

d. The proposed approximate method is short; and, except at 
points where there are very large changes in the size of the members, 
gives results which are accurate enough to be used in the actual design 
of a building. 
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Table 11. 

Properties of the Columns and Girders in the Symmetrical Three- 
Span Twenty-Story Bent Shown in Fig. 5. 
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Table 12. 

Numerical Values of the Constants in the Equations of Table 
3 FOR THE Symmetrical Three-span Twenty-story Bent shown 
in Fig. 5. 

An quftntitiM are ezprened in inchefS 
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Table 14. 

Elimination of the Unknown Quantities in the Equations for the Syiocetri- 
cal Three-Span Twenty-Story Bent Shown in Fig. 5. 





Left-Hud Member of Eqiutkn 


ii 


•5| 


Story No. 1 


Story No. 2 


Story No. 3 


Story No. 4 


'^ 


^Al 


^Bl 


^ 


^A. 


(fm 


^ 


^A3 


^BS 


«4 


«A1 


^B4 




CoefficieBto of Unknown Slopes nod Rntioe of Deflection to Story Height 


of .0001 


A 
B 
C 


1.0000 
1 0000 
1 0000 


— 3495 
-2 8747 
-0.3940 


— 2495 
-0 8940 
-3.8204 


1 3798 
1.3798 


-0.4599 


— 4599 














05fiS7 
00000 
0.0000 


A-B 






2.1252 
-1 960ft 


0.1445 
3.4283 


-1 3798 



0.4599 
-0 4599 


0.4599 














0.5687 
00000 


1 
2 
D 
£ 




1 0000 

1.0000 
1 0000 
1 0000 


00080 

-1.7300 

1.0000 


-0.8494 

—4.0000 
-^.0000 


0.2184 
0.2322 
1.0000 
5.1912 


—0.2322 
1.0000 
0.8012 


-2.9634 


09944 










0M67 

0.0000 

-1.1082 

0.0000 


1-2 
2-D 

D-e 









1 7980 

-2.7300 

1.0000 


— 8494 

4 0000 

-1.0000 


-0.0158 

0.7878 

—4.1912 


0.2322 

—1.2322 

0.3988 


2.9834 


—0.9944 










ass? 
i.ioe 

-1.1082 


3 
4 
6 
F 






1 
1 
1 

1 


-0 3611 
-1.4852 
-1.0000 
-^.0000 


—0.0088 
0.2812 

—4.1912 
0.8012 


0.1292 
0.4513 
0.3988 
7.8575 


2.9834 
-2.9915 


—0.9941 


0.9972 


- 






14S3 
— 4069 
-1.1082 

0.0000 


3-4 
4-5 
5-F 











1.1040 

-0.4852 

2.0000 


-0.2900 

4.4724 

-4.7924 


-0.3222 

0.0525 

-7.2587 


-2.9834 
5.9749 


0.9944 
-0.9944 


—0.9972 








0554S 

0.7OZ3 

-1.1082 


6 
7 
8 








1 

1 
1 


-0 2827 
—9.8140 
—2.3982 


-0.2918 
-0.1128 
—3.8293 


8.4127 
2.9874 


—2.1378 
-0.4972 


-0.4988 








0.5081 
-1.50W 
-0.5641 


^7 

7-« 












9.3513 
-7.2178 


-0.1790 
3.5185 


-8.4127 
3.4252 


2.1378 
-I 8408 


0.4988 








2.0116 
— 0.ft554 


9 
10 

H 










1 

1 
1 


-0.0191 

-0.4872 

1.0028 


-0.8857 
—0.4748 
—4 0055 
—3.0000 


0.2288 
0.2273 
1.0000 
5.2091 


-0.0891 
1.0028 
08045 


-3.0000 


1.0000 




2151 

0.1324 

—09110 

0.0000 


9-10 
10-G 
G-H 















0.4881 

-1.4900 

1.0028 


-0.2111 

3 5309 

-1.0055 


0.0013 
—0.7727 
-4.?p91 


0.0091 

-1.0719 

03983 


3.0000 


—1.0000 




0.0827 

1.0434 

-0 9110 


11 
12 
13 

I 












1 

1 
1 
1 


-0.4511 
—2.3700 
—1.0028 
—3.0000 


0.0027 

0.5188 

—4.1971 

0.8028 


0.1478 
0.7194 
0.3971 
7.4200 


2.9915 
-^.0000 


-0.9972 


1.0000 


0.1768 
-0.8900 
-0.9084 

O.OODO 


11-12 
12-13 
13-1 

















1.0189 

— 1 3672 

1.9972 


-0 5159 

4.7157 

—4.7999 


-0.5718 

0.3223 

-7.0230 


-2.9915 
5 9915 


0.9972 
-0.9972 


-10000 


8758 

02094 

-O.9084 
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Table 14. — (Continued). 

Elimikation of the Unknown Quantities in the Equations for the Symmetri- 
cal Three-Span Twenty-Story Bent Shown in Fig. 5. 





Left^Hand Member of Equatioa 


il 


s 

•as 


Story No. 3 


Story No. 4 


Story No. 5 


Story No. 6 


^3 


<?AS 


^ 


^i 


OAi 


<?B4 


^6 


^A^ 


^ 


^6 


^AS 


Ow 


Co. 




Coefficients of Unknown Slopes and Ratios of Deflection to Story Height 


efficient 
of .0001 


14 
15 

16 


1 
1 
1 


-0.2689 
—3.4490 
-2.4083 


-0.2980 
—0.2367 
—3.5179 


2.1881 
3.9999 


—0.7294 
-0.4993 


-0.5007 














0.4564 
-0 1632 
—0.4548 


14-15 
14-16 






3.1802 
2.1344 


-0.0823 
3.2199 


-2.1881 
-2.9999 


0.7294 
0.4993 


0.5007 














0.6096 
0.9112 


17 

18 
J 
K 




1 
1 

1 
1 


-0 0196 
1.5066 
1.0028 


-0.6881 
—1.4057 
—4.0057 
-3.0000 


0.2294 
0.2339 
1.0000 
4.7628 


0.2346 
1.0028 
0.5508 


-2.4914 


0.8302 










0.1917 

0.4270 

-0.8546 

00000 


17-18 
18-K 









—1.5282 
1.5066 
1.0028 


0.7176 

1.5943 

-1.0057 


-0.0046 
—4 5290 
—3.7628 


-0.2346 

-0.3162 

0.4520 


2.4914 
2.4914 


-0.8302 
—0.8302 










—0.2353 

0.4270 

-0.8546 


19 
20 
21 
L 






1 
1 
1 
1 


-0.4696 

1.0568 

-1.0028 

-3.0000 


0.0030 
-3.0019 
—3.7520 

0.5496 


0.1535 

-0.2096 

0.4507 

7.0255 


1.6514 

2.4842 

—2.5691 


-0.5503 
—0.8279 


0.8564 








0.1540 

2830 

—0.8521 

0.0000 


i»-ao 

»-2l 











-1.5264 
2.0596 
4.0568 


3.0049 

0.7501 

—3 5515 


0.3631 
-0.6603 
-7.2351 


—1.6514 

-0.8328 

4.2205 


0.5503 

0.2776 

-0 5503 


-0.8564 








-0.1290 
1.1352 
0.2830 


23 
24 








1 
1 
1 


—1.9687 

0.3642 

-0.8754 


-0.2379 
-0.3206 
—1.7836 


1.0619 

-0.4044 

1.0404 


-0.3605 

0.1348 

—0.1357 


-0.2111 








0.0846 
0.5512 
0.0697 


23-23 
23-34 












-2.3329 
1.2397 


0.0627 
1.4630 


1.4863 
—1.4448 


-0.4953 
0.2705 


0.2111 








-0.4666 
0.4815 


3S 
» 
M 
N 










1 

1 
1 

1 


-0.0355 
1.1803 
1.0340 


-0.6371 
-1.1657 
—4.0684 
—3 0000 


0.2123 
0.2182 
1.0000 
5.3260 


0.1703 
1.0340 
0.6632 


—3.0000 


1.0000 




0.2000 

0.3884 

-0.9600 

0.0000 


2S-» 

as-M 















-1.2158 

— 1 0695 

1.0340 


0.5286 

3.4313 

—1.0684 


-0.0059 
-0.7877 
—4.3260 


-0.1703 

—1.0340 

0.3708 


3.0000 


-1.0000 




—0.1884 

1.1609 

-0.9609 


27 

S 
2» 













1 
1 

1 
1 


-0.4348 
-3.2083 
—1.0333 
-3 0000 


0.0048 

0.7365 

—4.1842 

-0.6415 


0.1401 
0.9668 
0.3586 
7.6321 


29016 
-3.0000 


-0.9672 


1.0000 


0.1560 
-1.0855 
—0.9294 

0.0000 


27-28 
28-29 
2M) 

















2.7735 

—2.1750 

1.9667 


—0.7316 

4.9207 

-4.8257 


—0.8267 

0.6082 

-7.2735 


-2.9016 
5.9016 


0.9672 
—0.9672 


-1.0000 


1.2405 
—0.1661 
-0.9294 


30 

i 31 














1 
1 


-0.2638 
—2.2623 
—2.4540 


-0.2981 
-0.2796 
—3.6986 


1.3341 
3.0004 


-0.4447 
-0.4918 


—0.5085 


0.44 

o.o; 
-04; 


1 «K81 


















1.9985 
2.1902 


—0.0185 
3.4005 


—1.3341 
-3.0004 


0.4447 
0.4918 


0.5085 


0.85 
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Table 14. — (Continued). 

Elimination of the Unknown Quantities in the Equations for the Symmetki- 
CAL Three-Span Twenty-Story Bent Shown in Fig. 5. 





LeA^Haiid Membv of Eqnatiiw. 


1 

0). 

efieie&t 
of .0001 


ll 


SloryNo.S 


story No. 6 


Story No. 7 


Stacy No. 8 


^ 


^A5 


^ 


^ 


^A« 


<^» 


^ 


Oai 


^ 


^ 


»AB 


(h» 




Coifieieiiti of Unknown Sbpei and Rfttios of Deflection to Story Height 


33 
34 

P 

Q 




1 

1 
1 
1 


-0.0092 
1.56M 
1.0341 


-0.6676 
-1.3608 
-4.0682 
—3.0000 


0.2225 
0.2246 
1.0000 
4.9120 


0.2822 
1.0341 
0.4796 


-3.9285 


0.9762 










O.ICT 

0.4200 

-0.»2I 

O.OOOO 


33-34 
33-P 
P-<J 









—1.5618 

-1.0433 

1.0341 


0.7022 

3.4006 

-1.0682 


-0.0020 
—0.7775 
-3.9120 


-0.2822 

-1.0341 

0.5545 


2.9285 


-0.9762 










-oai 
i.ooes 


35 
36 
37 
R 






1 
1 

1 
1 


-0.4407 
-3.2503 
—1.0330 
-3.0000 


0.0013 

0.7452 

—3.7818 

0.4638 


0.1487 
0.9911 
0.5362 
6.5993 


2.8320 
-2.9606 


-0.9440 


0.9870 








0.1486 
-1.0350 
-0.8614 

O.OOOO 


35-30 
36-37 
37-R 











2.8007 

-2.2263 

1.0670 


-0.7439 

4.5270 

—4.2456 


-0.8425 

0.4640 

-6.0681 


-2.8820 
5.7926 


0.9440 
—0.9440 


-0.9870 








1.1S45 
-0.1724 
-0.8634 


38 
39 
40 








1 
1 
1 


-0.2648 
-2.0835 
-2.1586 


-0.2998 
-0.2044 
-3.0827 


1.2721 
2.9451 


-0.4240 
-0.4799 


-0.5018 








0.4216 

o.ons 

-0.4390 


3H-3» 
38^40 












1.7687 
1.8938 


-0.0966 
2.7828 


-1 2721 
-2.9451 


0.4240 
0.4799 


0.5018 








0.3441 
0.8006 


41 
42 

S 
T 










1 
1 


-0.0540 
1.4696 
1.0453 


-0.7192 
—1.5568 
-4.0909 
-8.0000 


0.2397 
0.2534 
1.0000 
4.8920 


0.9650 
1.0463 
0.4460 


-3.0000 


1.0000 




0.1946 

0.4544 

-0.7281 

0.0000 


41-42 
4I-S 
S-T 















-1.5235 

—1.0993 

1.0453 


0.8361 

8.8717 

-1.0909 


—0.0137 
-0.7603 
—3.8920 


-0.2660 

—1.0458 

0.5998 


8.0000 


-1.0000 




-0.2599 

0.9227 

-0.7381 


43 
44 

45 
U 












1 
1 
1 
1 


-0.5489 
-3.0672 
-1.0436 
—8.0000 


0.0090 

0.6916 

-3,7234 

0.4267 


0.1789 
0.9510 
0.5783 
6.4283 


2.8700 
-3.0000 


-0.0667 


1.0000 


0.1706 

-0 8394 

0.6964 

O.OOOO 


43-44 
44-45 
45-U 

















2.5188 

—2.0236 

1.9564 


-0.6826 

4.4150 

—4.1601 


-0.7781 

0.87n 

-6.8500 


-2.8700 
5.8700 


0.9667 
-0.9567 


—1.0000 


1.0100 
-0.1430 
-0.6964 


46 
47 
48 














1 
1 
1 


-0.2711 
—2.1818 
—2.1213 


—0.8090 
-0.1867 
—2.9908 


1.4184 
8.0006 


-0.4728 
-0.4890 


-0.5111 


0.4011 

0.0706 

-0.3560 


46-47 
46-48 


















1.9106 
1.8502 


-0.1223 
2.6813 


-1.4184 
-8.0006 


0.4728 
0.4890 


0.5m 


0.83M 
0.7670 
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Table 14. — (Continued). 

Elimination of the Unknown Quantities in the Equations for the Symmetrical 
TraiEE-SPAN Twenty-Story Bent Shown in Fig. 5. 





Left-Hand Member of Equmtion 


III 












i 


Story No. 7 


Story No. 8 


Story No. 9 


Story No. 10 


III 


^ 


Oai 


^ 


^ 


^A8 


^ 


Rf 


eA9 


Ob» 


^10 


^AlO 


^10 


Co- 






effioieot 
of .0001 


40 
50 
V 

w 




1 
1 
1 
1 


-0.0640 
1.4491 
1.0453 


—0.7422 
-1.6219 
—4.0909 
—3.0000 


0.2474 
0.2643 
1.0000 
4.0073 


0.2763 
1.0453 
0.2683 


-2.2060 


0.7352 










0.1729 

0.4093 

—0.6741 

0.0000 


49-^ 
49-V 
V-W 









-1.5131 

-1.1093 

1.0453 


0.8797 

8.3487 

—1.0909 


-0.0169 
-0.7526 
-3.0073 


-0.2763 
—1.0453 
-0.7770 


2.2066 


-0.7362 










-0.2363 

0.8470 

-0.6741 


51 
52 
53 
X 






1 

1 
1 
1 


-0.5814 
-8.0186 
—1.0436 
-3.0000 


0.0112 

0.6784 

-2.8769 

0.2567 


0.1826 
0.9423 
0.7433 
5.1933 


2.1100 
-2.6100 


-0.7036 


0.8700 








0. 1662 
-0.7636 
-0.6449 

0.0000 


51-52 
52-53 
55-X 











2.4372 

-1.9760 

1.9564 


-0.6672 

3.5553 

-3.1336 


-0.7598 

0.1990 

—4.4500 


—2.1100 
4.7200 


0.7086 
-0.7036 


-0.8700 








0.9198 
—0.1187 
-0.6449 


54 

55 
50 








1 
1 

1 


-0.2738 
—1.8002 
— 1 6019 


-0 3117 
-0.1008 
-2.2747 


1.0685 
2.4127 


-0.3663 
-0.3697 


-0.4447 








0.3774 

0.0601 

-0.3296 


54-55 
54-M 












1.5265 
1.3281 


-0.2110 
1.9630 


-1.0685 
-2.4127 


0.3663 
0.3697 


0.4447 








0.3173 
0.7070 


57 

58 

Y 

Z 










1 
1 
1 
1 


-0.1382 
1.4779 
1.2371 


—0.7000 
-1.8166 
—4.4743 
-3.0000 


0.2334 
0.2708 
1.0000 
4.7299 


0.3348 
1.2371 
0.3649 


-3.0000 


1.0000 




0.2079 

0.5323 

-0.8484 

0.0000 


S7-S8 

57-Y 

Y-Z 















-1.6161 

-1.3753 

1.2371 


1.1166 

3.7743 

-1.4743 


—0.0374 
-0.7666 
-3.7299 


-0.3348 

-1.2371 

0.8722 


3.0000 


-1.0000 




—0.3245 

1.0562 

—0.8484 


59 
60 
61 












1 

1 
1 
1 


-0.6908 
-2.7443 
-1.1918 
—3.0000 


0.0231 

0.6574 

—3.0161 

0.2960 


0.2072 
0.8996 
0.7061 
6.6706 


2.4253 
-^.0000 


-0.8084 


1.0000 


0.2008 
-0.7681 
—0.6859 

0.0000 


5»-60 
60-61 
61-* 

















2.0535 

—1.6525 

1.8082 


-0.6342 

3.6726 

-3.3102 


-0.6924 

0.1945 

-4.9664 


-2.4263 
6.4253 


0.8064 
-0.8084 


-1.0000 


0.9689 
-0.0822 
-0.6859 


02 
63 
64 














1 
1 


-0.2602 
—2.3013 
-1.8308 


-0.3372 
—0.1263 
-2.7462 


1.6624 
3.0000 


-0.6207 
-0.4471 


-0.6531 


0.4719 

0.0629 

-0.3793 


62-63 
6^^ 


















2.0411 
1.6706 


-0.2119 
2.4090 


—1.6624 
-3.0000 


0.6207 
0.4471 


0.6631 


0.4189 
0.8612 
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-1 0000 
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1.9447 
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—0.7235 
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5.8343 


0.9449 
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-1.0000 


1.0733 
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—2.8018 
—20647 


-0 8147 
—0.1587 
—2.8682 


1.5323 
3.0003 


—0.5109 
-0.4859 


-0.5143 
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2.0272 
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0.5143 
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0.8519 
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Table 14. — (Continued). 



Elimination of the Unknown Quantities in the Equations for the Symmetrical 
Three-Span Twenty-Story Bent Shown in Fig. 5. 





Left-Hand Member of Equation 


III 


s 

is 


Story No. 11 


story No. 12 


Story No. 13 


Story No. 14 


^n 


e^n 


^1 


^it 


^Alt 


^It 


^13 


^AIS 


^B13 


Ru 


^A14 


^B14 


Co. 




Coeffieientt of Unknown Slopea and Ratioa of Deaeetion to Story Height 


efficient 
of .0001 


81 
83 

k 
i 




1 
1 
1 


—0.0769 
1.4344 
1.0585 


-0.7550 
-1.5854 
-4.1170 
-8.0000 


0.2520 
0.2730 
1.0000 
4.7660 


02889 
1.0585 
0.4096 


-2.9205 


0.9734 










0.2018 

0.4786 

-0.7128 

0.0000 


81-82 
81-h 









—1.5113 

-1.1355 

1.0585 


0.9294 

3 3611 

-1.1170 


—0.0210 
— 7480 
—3.7660 


-0.2889 

—1.0585 

0.6489 


2.9205 


-0 9734 










-0.2768 

0.9147 

-0.7128 


83 
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85 
J 






1 
1 

1 


-0.6150 
-2.9602 
—1.0553 
-3.0000 


0.0139 

0.6587 

—3.5583 

0.3869 
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0.9323 
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6 0609 


2.7592 
—2.8040 


—0.9197 


0.934: 








0.1831 
-0 8055 
— 6734 

0.0000 
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8S-j 











2.3452 

— 1 9049 

1.9447 


—0.6449 

4.2170 

—3.9452 
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—5.4478 


—2.7592 
5.5632 


09197 
—0.9197 


-0.9347 








09886 
'-0 1321 
1—0.6734 


88 
87 
88 








1 
1 
1 


-0.2750 
—2.2137 

—2.0288 


—0 3160 
—0.1676 
—2.8015 


1.4484 

2.8609 


-0.4828 
-0.4730 


-0 4807 








0.4216 

0.0693 

—0.3463 


88-87 
88-88 












1.9387 
1.7539 


— 1485 
2.4«55 


—1.4484 

—2.8609 


0.4828 
0.4730 


04S07 








0.3522 
0.7679 


89 
90 

k 
I 










1 
1 
1 
1 


-0 0766 
1.41731 
1.01641 


-0.7471 
—1.6314 
—4.0329 
—3.0000 


0.2490 
2697 
1.0000 
4.8417 


02741 

1.0164 
4208 


-3.0000 


1 0000 
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0.4378 

—0.6503 

0.0000 
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k-l 















-1 4939' 

—1.0930 

1.0164 


0.8842 
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—1.0329 


-0 0207 
— 7510 
-3.8417 


—0.2741 

-1 0164 

0.5956 


3.0000 


-1 0000 




— 2562 

0.8320 

-0.6503 


91 
92 
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m 
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1 
1 
1 


-0.5920 
—3.0063 
—1.0163 
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0.4140 


0.1835 
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0.5861 
6.3443 
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—0.6399 

0000 


91-92 
92-98 
93-in 

















2.4143 

—1.9900 

1 9H37 


-0 6733 

4 4673 

-4.1942 


-0.7464 

0.3438 

—5.7582 


-2.9520 
5 9520 


9840 
-0.9840 


-1 0000 


0.9327 
— 1213 
—0 6399 


94 
95 
98 














1 

1 
1 


— 2789 
—2 2413 
-2.1143 


-0.3092 
—0.1728 
—2.9030 


1 4834 
3.0000 


-0.4945 
—0.4961 


—0.5042 


0.3863 

0.0610 

—0.3226 


94-95 
94-9« 


















1 9624 '-0 1364 
1.83541 2 5938 


-1 4834 

—3.0000 


0.4945 
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Table 14. — (Continued). 

Elimination op the Unknown Quantities in the Equations for the Symmetrical 
Three-Span Twenty-Story Bent Shown in Fig. 5. 





Left-Haiid Member of EqaafcioQ 
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0.2704 
1.0000 
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1.0164 
0.4208 


-2.3443 


0.7814 










0.1458 

o.sse 
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0.0000 
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97-n 
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1 

1 
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-0.6928 
-3.0177 
-1.0163 
—3.0000 


0.0124 

0.6888 

-3.3497 

0.4140 


0.1868 
0.9860 
0.6860 
6.9148 


2.8067 
—2.3661 


-0.7689 


0.7860 








0.1487 
-0.67SI 
-0.5619 

0.0000 


99-100 
100-101 
101-p 











2.4249 

—2.0014 

1.9837 


-0.6765 

4.0385 

—8.7687 


-0.7607 

0.3499 

-«.8287 


-2.3067 
4.6618 


0.7689 
-0.7689 


-0.7860 








0.S274 
-0.11I7 
-0.5619 


102 

103 
104 








1 
1 
1 


-0.2790 
-2.0179 
-1.8974 


-O.3006 
-0.1748 
-2.6867 


1.1626 
2.3605 


-0.3842 
-0.8877 


-0.8953 








0.3412 

0.0683 

-0.28S3 


102-103 
102-104 












1.7389 
1.6184 


-0.1348 
2.3771 


—1.1626 
-2.3606 


0.3842 
0.8877 


0.8958 
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o.iatf 
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1 
1 
1 
1 


— o.ons 

1.4600 
1.0210 


-0.6624 
—1.4625 
-4.0419 
-8.0000 


0.2209 
0.2896 
1.0000 
6.0771 


0.2446 
1.0210 
0.5385 


-8.0000 


1.0000 




0.1627 

0.8859 

-0.62SS 

0.0000 


105-106 
lOM 
q-r 















-1.5465 

-1.0985 

1.0210 


0.7901 

8.3795 

-1.0419 


-0.0186 
-0.7790 
-4.07n 


-0.2446 

-1.0210 

0.4825 


8.0000 


-1.0000 




-0.22« 

0.7886 

-0.6258 


107 
108 
109 

8 












1 
1 

1 
1 


-0.6109 
-^.0762 
-1.0206 
-3.0000 


0.0120 

0.7092 

-8.9933 

0.6274 


0.1681 
0.9294 
0.4726 
6.9882 


2.9388 
-8.0000 


-0.9796 


1.0000 


0.1444 
-O.HTS 
-0.6180 

0.0000 


107-108 

108-109 

109-a 

















2.6653 

—2.0656 

1.9794 


—0 6972 

4.7026 

-4.6207 


-0.7718 

0.4568 

-6,6106 


-2.9383 
6.9383 


0.9796 
—0.9796 


-1.0000 


0.8622 
-0.1048 
-0.030 


110 
111 
112 














1 


-0.2718 
r-2.2876 
—2.2836 


-0.8006 
-0.2222 
—3.2888 


1.4294 
8.0000 


-0.4765 
—0.4946 


-0.6062 


0.8361 
O.OSIO 

-o.m 


110-111 
111-112 


















2.0167 
2.0118 


-0.0784 
2.9882 


-1.4294 
-8.0000 


0.4766 
0.4946 


5018 


0.2851 
0.6457 
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Table 14. — (Continued). 

Elimination of the Unknown Quantities in the Equations for the Symmetrical 
Three-Span Twenty-Story Bent Shown in Fig. 5. 





Left-Hftod Member of Eqostioii 


hi 












"^I 


Staty No. 15 


Story No. 16 


Story No. 17 


Story No. 18 


III 


£i 


«15 


^A16 


^B15 


^16 


<?A16 


^Bl« 


^17 


^A17 


^B17 


«.. 


^Ali 


^BW 


Co- 






efficient 
of .0001 


113 
114 

t 

n 




1 
1 

1 
1 


-0.0389 
1.4854 
1.0210 


-0.7091 
-1.4913 
—4.0419 
-3.0000 


0.2364 
0.2459 
1.0000 
4.9092 


0.2511 
1.0210 
0.5385 


—2.7480 


0.9161 










0.1414 

0.3210 

—0.5209 

0.0000 


113-114 
IIS-I 









—1.5243 

—1.0699 

1.0210 


0.7822 

3.3328 

-1.0419 


-0.0095 
-0.7636 
-3.9092 


-0.2511 

—1.0210 

0.4825 


2.7480 


-0.9161 










-0.1796 

0.6624 

—0.5209 


115 
116 
117 

T 






1 
1 

1 


-0.6132 
-3.1444 
—1.0206 
-3.0000 


0.0062 

0.7204 

—3.8290 

0.5281 


0.1647 
0.9633 
0.4726 
6.8055 


2.6916 
—2.7161 


—0.8973 


0.9054 








0.1178 
—0 6249 
—0.6102 

00000 


115-116 

116-117 

117-v 











2.6312 

—2.1238 

1.9794 


—0.7142 

4.5494 

-4.3571 


—0.7986 

0.4907 

-6.3329 


-2.6916 
5.4077 


0.8973 
-0.8973 


—0.9054 








7427 
— 1147 
—0.6102 


118 
119 
120 








1 
1 
1 


-0.2714 
—2.1422 
-2.2013 


-0.3085 
-0.2310 
-3.1993 


1.2673 
2.7318 


—0.4225 
—0.4633 


-0.4574 








0.2823 

0.0540 

-0,2579 


118-110 
118-120 












1.8708 
1.9299 


—0.0724 
2.8958 


-1.2673 

—2.7318 


0.4225 
0.4533 


0.4574 








0.22S2 
0.6399 


131 
122 

X 










1 

1 
1 
1 


—0.0387 
1.5027 
1.0092 


—0.6774 
—1.4177 
—4.0214 
—3.0000 


0.2259 
0.2353 
1.0000 
5.1753 


0.2374 
1.0092 
0.5878 


-3.0000 


1.0000 




0.1220 

0.2802 

—0.4542 

0.0000 


121-122 
121-w 















—1.5414 

—1.0479 

1.0092 


0.7403 

3.3440 

—1.0214 


-0.0094 
—0.7741 
—4.1755 


—0.2374 

-1.0092 

0.4214 


3.0000 


-1.0000 




-0.15S2 

0.5762 

—0.4542 


123 
124 
126 

J 












1 

1 
1 
1 


-0.4810 
—3.1958 
—1.0136 
-3.0000 


0.0061 

0.7398 

—4.1437 

0.5833 


0.1542 
0.9630 
0.4182 
7.3021 


2.9773 
—3.0000 


—0.9924 


1.0000 


0.1028 
-0.5507 
—0.4507 

0000 


123-124 
124-125 
125-y 

















2.7148 

—2.1822 

1.9864 


-0.7337 

4.8835 

—4.7270 


—0.8088 

0.5448 

-6.8839 


—2.9773 
5.9773 


0.9924 
—0.9924 


-1.0000 


0.6535 
—0.0999 
—0.4507 


126 
127 
128 














1 
1 
1 


-0.2703 
—2.2380 
—2.3797 


-0.2979 
—0.2496 
-3.4655 


1.3644 
3.0093 


—0.4548 
—0.4996 


-0.6035 


0.2407 

0.0458 

-0.2269 


126-127 
125-128 


















1.9677 
2.1094 


-0.0483 
3.1676 


-1.3644 
—3.0093 


0.4548 
0.4996 


0.5035 


0.1949 
0.4677 
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Table 14. — (Continued). 

Elimination of the Unknown Quantities in the Equations for the Symmetrical 
Three-Span Twenty-Story Bent Shown in Fig. 5. 





1 

Left-Hmnd Member ol EqiMtioo 


111 












•si 


Story No. 17 


Story No. 18 


Story No. 10 


Story No. 20 


III 


4 


'^IT 


^AlT 


^B17 


^1. 


^AU 


^li 


'^t 


<>Alf 


^f 


Rw 


^'a. 


^» 


Cb- 




CoeffieienU of UBknoini Slopci ud lUtiot of Defleetkin to Stocy Hei^ 


of.«01 


120 
130 

1 
A' 




1 
1 
1 

1 


-0.0245 
1 5017 
1.0002 


-0.6835 
-1.4268 
-4.0214 
—3.0000 


0.2311 
0.2360 
1.0000 
5.1755 


0.2387 
1.0002 
0.6878 


—3.0000 


1.0000 










0.0»] 

0.?«7 

— 0.34U 

0.0000 


120-130 
120-s 
■-A' 









—1.5262 

-1.0837 

1.0002 


0.7333 

3.3270 

-1.0214 


-0.0057 
—0.7680 
-4.1755 


-0.2387 

-1.0002 

0.4214 


3.0000 


-1.0000 










-o,u» 

0.4410 
-0.3412 


131 
132 
133 
B' 






1 
1 

1 
1 


-O.4806 
-3 2107 
-1.0120 
-3.0000 


0.0037 

0.7438 

—4.1373 

0.5833 


0.1564 
0.0764 
0.4176 
7.3031 


2.0727 
^.0000 


-o.oooo 


1.0000, 








0.08M 
-O.4260 
— 0.83&1 

0.0000 


131-132 
132-133 
133-B' 











2.7302 

—2.2077 

1 0680 


-0.7401 

4.8811 

—4.7206 


-0.8200 

0.5588 

-6.8846 


-2.0727 
5.0727 


0.0000 
-0.0000 


—1.0000 








0.50SS 
-O.0670 


134 
135 
13« 








1 
1 


—0.2702 
-2.2110 
—2.3745 


-0.2003 
—0.2531 
-3.4620 


1.3465 
3.0043 


-0.4485 
—0.4080 


—0.5080 








0.1849 

0.0398 

—0.1701 


134-135 
134-13« 












1.0408 
2.1043 


-0.0462 
3.1635 


-1.3465 
-8.0042 


0.4485 
0.4080 


0.5030 








0.1451 
0.35« 


137 
138 
C 










1 
1 
1 
1 


-0 0238 
1.5034 
1.0002 


-0.6038 
—1.4277 
—4.0214 
-3.0000 


0.23n 
0.2367 
1.0000 
5.1755 


0.2300 
1.OO02 
0.5878 


—3.0000 


1.0000 




0.0747 

0.1687 

-0.2275 

0.0000 


137-138 
137-C 

c-iy 















-15272 

-1.0330 

1.0002 


0.7330 

3.8276 

—1.0214 


-0.0056 
-0.7680 
-4.1755 


—0.2300 

—1.0002 

0.4214 


3.0000 


—1.0000 




-0.0039 

0.3022 

-0 2275 


139 
140 
141 
E' 












1 
1 
1 
1 


-0.4806 
-3.2214 
—1.0121 
-3.0000 


0.0036 

0.7444 

-4.13n 

0.5833 


0.1566 
0.0760 
0.4176 
7.3021 


2.0727 
-3.0000 


-0.0000 


1.0000 


0.0615 
-0.2886 
—0.2254 

0.0000 


139-140 
140-141 
141-E' 

















2.7408 

-2.2003 

1.0870 


-0.7407 

4.8821 

—4.7210 


—0.8204 

0.5504 

-6.8846 


-2.0737 
6.0737 


0.0909 
-O.9909 


—1.0000 


0.3541 
—0.0672 
-0.2254 


142 
143 
144 














1 
1 
1 


— 2708 
-2.2090 
—2.3740 


-0.2003 
—0.2532 
-8.4632 


1.3455 
3.0046 


—0.4485 
—0.4065 


-0.6031 


0.1202 

0.8304 

—0.1134 


142-143 
142-144 








• 










1.9306 
2.1047 


-O.0461 
3.1639 


-1.3455 
-8.0046 


0.4485 
0.4085 


06031 


O.OOSS 
0.24 J6 


145 
146 
P 
G' 
















1 
1 
1 

1 


-0.0238 
1.5034 
1.0002 


-0.6038 
—1.4278 
-4.0214 
—3.0000 


0.2313 
0.2360 
1.0000 
8.1750 


0.2300 
1.0002 
0.5878 


O.OMO 

0.1I5J 

—0.1137 

O.OOOO 


145-146 
145-F' 
F'-G' 





















-1.5272 

-1.0330 

1.0092 


0.7340 

3.8276 

-1.0214 


-0.0056 
-0.7687 
-2.1750 


-0.2890 

—1.0002 

0.4214 


-O.06f3 

0.1617 

-0.1137 


147 
148 
149 
H' 


















1 
1 
1 
1 


-0.4806 
-8.2217 
-1.0122 
—3.0000 


0.0087 

0.7442 

-2.1563 

0.5834 


0.1566 
0.0770 
0.4176 
6.3033 


0.0421 
-0.1594 
-0.1127 

O.OOOO 
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Table 14. — (Continued). 

eumination of the unknown quantities in the equations for thfe symmetrical 
Three-Span Twenty-Story Bent Shown in Fig. 5. 

I 





LeftpHMd Member of Equation 


"2® a 

III 




StofyNclO 


story No. 20 




•si 


'^i. 


^Al. 


^'Blt 


^ 


^AM 


(hm 


Qv 


Goeffideats of UnknowB Slopeo imI RatMM of Deflaction to Story Hd^ 


efficient 
of .0001 


M7-148 
149-140 
MO-H* 











2.7411 

-2.9086 

1.8878 


-0.7400 

2.8006 

-2.7387 


-0.8206 
0.6686 

-4.8867 




0.2016 
-0.0467 
-0.1127 


UO 








1 
1 
1 


-0.2708 
-1.3198 
-1.3783 


-0.9993 
-0.9631 
-2.4680 




0.0736 

0.0211 

—0.0667 


IfO-Ul 
UO-162 












1.0427 
1.1061 


-0.0462 
9.1687 




0.0524 
0.1302 


158 
154 










1 
1 


-0.0443 
1.8480 




0.0602 
0.1176 


U»-1M 












— 1 9023 




-0.0073 


165 












1.0000 




0.0338 
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Table 15. 

Determinatign of the Changes in the Slopes and of the Ratios 
OP Deflection to Story Height in the Symmetrical Thkee- 
Span Twenty-Story Bent Shown in Fig. 5. 

Tke eqoBtioM an Uk«B troa Table 14. 



No.crf 
Bqa». 
Uoo 


LafwHud Member of Equtwo 

The fini Ibe in eaeb groop ia ibe alfefcraie fonn of tbe equatioo. 
Tbe aneeeanve liMa are tbe oamehcal ▼ahiea of the tcraa. 


Rifbi-Haad 
M«Dberof 
Equatioa 

Oocffeintof 
.0001 


156 






^B» 


= 


.0338 


1&3 


e^m- ^e^ 


.0443 X .00000338 


^Ata 


= 


0602 
0015 




.0517 


IfiO 


R^- 2702^^^ -2WS $^ 


.2702 X .00000517 
.2983 X .00000338 


^ 


= 


.0735 
0140 
.0101 




.0076 


147 


^Bl.- <8M l^ + .0037 (?A» + »*" <?B10 


480«x .00000976 
.0037 X .00000517 
1565 X 00000338 


^Blt 


= 


.0421 
0460 


0890 




0002 
0063 


— 0065 




.0835 


145 


^^,, - 0238 <?3j, - .fiSa»R^^ 2313 ^^^ 


.0238 X .00000835 
.6038 X .00000976 
.2813 X .00000517 


^^Alf 


- 


.0500 
0030 
0676 


1206 




— 0120 




.1085 


142 


K„~.2703(?^^,- -2W3^B» 


.2708 X .00001085 
.2903 X .00000835 


'^l. 


= 


.1292 
0294 
0250 




.1836 


130 


^R,g - .4806 /?„ + 0037 tf^„ + .15W<?B„ 


.4806 X .00001836 
.0037 X .00001085 
.1565 X .00000635 


««> 


= 


.0615 
.0681 


.1496 




0004 

0131 


-0185 




.1881 


137 


Oa^ - 0238 tf«,. - .6838 /?„ -f .2311 Sj,,, 


.0238 X .00001361 
.6938 X .00001836 
.2311 X .00001085 


^Aia 


= 


.0748 
.0032 
.1272 


.2052 




-.0251 




.1801 


134 


^i«-2702tf^„-.2W4<?p„ 


2702 X .00001801 
.2994 X .00001361 


«.. 


= 


.1849 
0486 
0407 




.2742 
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Determination of the Changes in the Slopes and of the Ratios 
OF Deflection to Story Height in the Symmetrical Three* 
Span Twenty-Story Bent Shown in Img. 5. 



No. of 
boa 


Left^Hud Member of Eqtution 
llie first fine in eseh gnmp i> the alKebraie fonn of the eqiution. 


Rlghl-llAAd 

Mrmlirr of 
b>|UBL]ua 

.0001 


131 


(?3„ - .4«06R„ + 


.0038^^,,+ ISM^Bi, 


.4805 1 
.0038 X 
.1564Z 


00002743 
(KKtOIHOt 
0U00136L 


^Bi7 




IS19 2123 




0007 

ffiria — 0230 




IKQ 


139 


9aii - «24« ^BIT - 


.W36K„ + 2311 e^^^ 


.0240 z 
.6035 z 
2311 z 


ootioigra 

tMMHKZHa 
WXIOISOI 


^A17 


= 
=: 


Qoyi 

0047 

1»05 3943 




— (Mlfl 




2427 


136 


R„ - 270J Bj^, - 


.2070 e^„ 


.2703 z 
.2979 z 


00003527 
QOOU1903 


«1T 




.2im 

OSflfi 




3655 


123 


^Bl. - «l0«n + 


.0001^^7 + 1M2^BI7 


.4810 1 
.0061 I 
.1542 z 


U0002S27 

ouDuiaua 


^nii 


= 


t028 

1758 37M 




OllJa 




2477 


121 


^Al» - 0»7 ^Bl» - 


.6n4K„+ 22»(?^„ 


.0387 1 
.6774 X 
.2259 z 


ffliti03477 

ooooaass 

00002627 


Sai- 


^ 


1220 
0f.WI 
2473 37S0 




- 0570 




32k1» 


118 


R„ - .2714 ^^. - 


.3086 (^,. 


.2714 z 
.3035 z 


oooocjaifl 

00002477 


^.a 


7 


Zlt23 
11^73 
0752 




444fi 


115 


Bjoi - .5132R„ + 


.0002^^,+ .1047 ^Bii 


.5132 z 
.0062 z 
.1647 z 


tKMKH44S 
00CO3:>lfl 
00002177 


^HlJi 


=: 
± 


|]7tt 

22H0 345fi 




.0020 
(HUK — 0438 




aO30 


113 


^Al» "~ -^^^^ ^B16 "■ 


.7001Rij + .2304 ^^j 


.0389 X 
.7091 X 
.2364 X 


00003030 
000O444« 
.00003219 


*^VJ* 


= 


J4U 
Oils 

31140 4712 




— 07fi2 




30Sd 


110 


R,5 - .3718 0^^^ - 


3006^3,, 


.2718 X 
.3006 X 


00003950 
00003030 


«.» 


^ 


.3^1 
1072 
0012 




5345 


107 


^U - "«^.5 + 


.0120^^1^4- .1581 ^Bl6 


5109 X 
.0120 X 
.1581 X 


0OO0SM3 

oouoaoiso 


^ 


i 


1444 

2730 4174 
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Table 15. — (Continued). 
Determination of the Changes in the Slopes and of the Ratios 
OF Deflection to Story Height in the Symmetrical Three- 
Span Twenty-Story Bent Shown in Fig. 5. 



No. of 
Equ.. 
tioB 


Left-Hmnd Member of Equaiioa 

The fim line in eMh poiip ie (be aliebraie fonn of the equation. 
The ioeceiMTe liMe an (be nuDkerical vahies of (be terms. 


RiKht-Haad 
Member of 
EqustioB 

Coeffidentof 
.0001 


106 


^AH- 0774^,- 


.6624 K^+ 2210^^14 


.0776 X 
.6624 X 
.2210 X 


00003647 
.00006346 
.00003950 


^AU 


= 


.1627 
02S3 
3641 


S451 




— 0Bi3 




4578 


102 


/e„ - .2790 e^, - 


.8096 0^^ 


.2790 X 
.3096 X 


.00004678 
00003647 


^.4 


= 


.3412 
.1278 
.1160 




.5850 


99 


^13 - ««8/?„ + 


0124 (^^,,+ 1863 <?BM 


6928 X 
.0124 X 
.1863X 


00006850 

.00004678 
.00003647 


^BIS 


I 


.1487 
3470 


4957 




0057 
.0676- 


-0733 




4224 


97 


^AlS - 0«W (^j, - 


.7560/1,, -f .2620 ^j^, 


.0696 X 
.7660 X 
.2620 X 


.00004224 
.00006860 

.00004678 


^AIS 


— 


.1668 
.0294 
.4420 


.6372 




- 


- 1154 




.5218 


94 


Kjj — .2789 ^j^jj — 


3092 ^„ 


.2789 X 
.3092 X 


.00005218 
.00004224 


R.« 


= 


.3864 

.1458 
.1306 




.6630 


91 


<?3„-.5920K„ + 


.0138 ^j^,3 -f .1836^3,5 


.6920 X 
.0138 X 
.1836 X 


.00006630 

.00006218 
.00004224 


*flii 


= 


.1715 
.3921 


5636 




.0072 
.0776 - 


-0847 




4789 


89 


^A» - 07M (?B„ - 


7472 /?,, + 2490^^1, 


.0766 X 
.7472 X 
.2490 X 


.00004789 
.00006630 
.00006218 


»A» 


= 


.1816 
0366 
.4960 


7142 




—.1300 




.5842 


86 


K„ - .2760 Bj^n - 


3160 (?B„ 


.2760 X 
.3160 X 


.00005842 
.00004789 


R„ 


= 


.4216 
.1603 
.1511 




.7330 


83 


<?Bll - "^^l« -^ 


.0139<?j^„+ .1912 (?B„ 


.6160 X 
.0139 X 
.1912 X 


.00007330 
.00006842 
.00004789 


*BII 


= 


.1831 
.4512 


6343 




.0061 
.0916- 


-0997 




6346 


81 


^'ah - 0770 <?Bll - 


- .7560/?,,+ 2620^^,, 


.0770 X 
.7560X 
.2620 X 


.00006346 
.00007330 
.00006842 


»AU 


= 


.2018 
.0411 
.5560 


.7*79 




— 1471 




.6508 


78 


Rn - 2746 (?All - 


.3147 esn 


.2746 X 
.3147 X 


.00006608 


= 


.4669 
.1790 
.1681 


> 






.8140 
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Determination of the Changes in the Slopes and of the Ratios 
OF Deflection to Story Height in the Symmetrical Three- 
Span Twenty-Story Bent Shown in Fig. 5. 



No. of 
Kqiui. 
tion 


Left-Hmnd Member of EquatioD 

TTie first line in each group is the algebraic form of the equation. 
The aueoenve lines an the numerical vahiea of the terme. 


Right-Hand 
Member of 
Equation 

Coefficient of 
.0001 


75 


^10 


- .6061/?,, + 017»(?^n+ 1841(?B„ 


.6061 X 

.0179 X 

1841 X 


.00008140 
00006508 
.00005346 


«BH> 


= 


.2178 
.4940 


.7118 




.0116 
.0084 - 


.1100 




.6018 


73 


<?AM 


- .1082 ^„ - .7278/?,, + .2426 <?^„ 


.1082 1 
.7278 X 
2426 X 


00006018 
.00008140 
00006506 


"aw 




.2055 
.6651 
.5925 


.8631 






.1580 




7051 


70 


'^I* 


- .2601 (?^„ - .3423 <?„,, 


2flOt X 
.3423 1 


OOOOTOSl 
IJOUOfltllli 


«,. 


= 


.4540 
1833 
.2059 




»432 


67 


^ 


- miR^ + OlMl e^j^ ^ 2t&l (^jj,„ 


Mm X 
.215L t 


mmm 


»V> 


= 
= 


.2056 


70lfl 




012; 
I2fl3 - 


1420 




«i5U 


65 


^A» 


— .1038 (?„5 - ,7ft&SK,o + 2SSI e^^^ 


1038 X 
7A55 T 
2561 1 


wno652& 

»>'N1S432 

0000 7oai 


^A* 




,2053 
.0377 
HftO 


9190 






ISOO 




7390 


62 


^■ 


- .2602 Bj^^ - 3372 if^ 


.2m X 
,3372 K 


0Ol)073W 

ooa(j652a 


"t 




.4719 
1922 
2200 




»H4i 


M 


^BS 


— 6W8/1, + 0231 tf„ + 2UT2 0^^ 


awtb X 

(mi X 
.2072 X 


(M1058MI 
00007300 
INKMmn26 


*B» 




2008 
6100 


«ioe 




OLTl 
1351 - 


.1522 
a&8fl 


57 


^AB 


— .1382 ^,jg - 7000/E^, + 2334 tf^. 


J3B2X 
,7000 1 
2334 X 


DOOOftSKO 
OIKIUAMI 
1)0007390 


«A< 


I 


2079 
0910 
6183 


.9171 






-1725 




7iU 


54 


^- 


- .2738 ^^„ — .3I1» &g^ 


.273S 1 
.auH X 


00007446 


«« 


= 


.3771 




?»«7 


51 


^m 


- 5814/?^ + OUae^, + lS2«tf^ 


5H14 X 
(lit*! 
le^^^x 


IIOn07K67 
0<.KM)744fl 
.0001)05811 

J 


^ 


i 


.15«3 
, .MTO 


.6132 




e- 


l»6 




K. 


.IftM 
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Table 15. — (Continued). 

Determination of the Changes in the Slopes and of the Ratios 
OF Deflection to Story Height in the Symmetrical Three- 
Span Twenty-Story Bent Shown in Fig. 5. 



No. or 

Eqi». 
tion 


The ftnt luw ia eMh gnmp k (be tliebraie fonn of the equfttioo. 


Richt-Buid 

McBbcrof 

Eqnlia. 

Cociiei»tof 
.0001 


49 


^AT 


- OMO^- 


.7422/2, + .2474 a^ 


.0640 X 
.7422 1 
.2474 1 


.00004846 

.00007867 
.00007446 


«A7 


= 


.1729 
.0810 
.5845 


.7884 




— 


-.1840 




.6044 


46 


^^T 


- ^" ^A7 - 


.lOW^ 


.2711 X 
.3090 z 


.00006044 
.00004846 


^ 


= 


.4011 
.1639 
.1497 




.7147 


43 


em 


- .54»ie, + 


.0090^^,+ .17»^ 


.5489 X 
.0090 X 
.1739 X 


.00007147 
.00006044 
.00004846 


em 




.1706 
.3920 


.5626 




.0054 

.0842- 


.0696 




.4780 


41 


^At 


-.0640<?3,- 


.719211, + .2397 a^, 


.0540 X 
.7192 X 
.2397 X 


.00004730 
.00007147 
.00006044 


Bab 


= 


.1946 
.0256 
.5140 


7348 




- 


-.1448 




.5894 


38 


Rf 


- -2«48 e^. - 


.8000^3, 


.9648 X 
.8000 X 


.00005894 

.00004730 


^ 


= 


.4216 
.1561 
.1420 




.7197 


35 


Bm 


— .44»6#?, -h 


0013 ^^j + .1487^3, 


.4496 X 
.0018 X 
.1487 X 


.00007197 
.00005894 

.00004730 


^ 


= 


.1486 
.3240 


.4726 




.0008 

.0704 - 


-0712 




.4014 


33 


^Ai 


- OOW ^Bj - 


.M76/?, + .2225 ^^j 


.0092 1 
.6676 1 
.2225 1 


.00004014 
.00007197 


«A5 


= 


.1879 
.0087 
.4802 


.6718 




— 


-.1310 




.5408 


30 


R, 


- .2638 (?^ - 


.2981(?34 


.2638 1 
.2981 1 


.00005406 

.00004014 


f^ 


= 


.4473 
.1424 

.1196 




.7083 


27 


^B4 


- .4348/?ft + 


.0048 tf^ + .1401 $^ 


.4348 1 

.0048 1 
.1401 1 


.00007093 
.00005408 

.00004014 


^4 


= 


.1550 
.8080 


.4630 




.0086 
.0663- 


-0689 




.4041 


25 


SAi 


-.0355(^- 


.9371 R^ -f .2123^^ 


.0355 1 
.6371 1 
.2123 1 


.00004041 
.00007093 
.00005408 


«A4 


= 


.2000 

.0143 
.4515 


6658 




— 


-.1150 






&508 
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Determination of the Changes in the Slopes and of the Ratios 
OF Deflection to Story Height in the Symmetrical Three- 
Span Twenty-Story Bent Shown in Fig. 5. 



No. of 

tlOB. 


Leffc-Hand Member of Eqaation 

The flnt line ia eMh groop if the iteebnb form of the eqiMtion. 
The wceewire Imee ere the mimericd Trntoea of the terma. 


Rigbt-Hud 
Member of 
EqiMtion 

Coefficient of 
.0001 


32 


R^ + .8642 ^^4 - .3206 ^ - .4044 ^ -h 


.1348 Bj^ 
.3206 X 
.4044 X 
.3642 X 
.1348X 


.00004041 
.00007093 
.00006506 
.00005408 


^4 


= 
= 


.5512 
.1295 
.2862 .96(9 




.2006 

.0729 —.2737 




.6932 


10 


$^ — .4606/?^ + .0030 Bj^^ + .1535 $^ 


.4696 X 
.0030 X 
.1535 X 


.00006032 
.00005508 

.00004041 


^ 


= 


.1540 

.3257 .4797 




.0017 
.0620— .0637 




.4160 


17 


e^ - .0196 e^ - .6881 R^ -h .2204 B^^ 


.0106 X 
.6881 X 
.2294 X 


.00004160 
.00006932 
.00005508 


<?A8 




.1917 
.0062 
.4n0 .6769 




— .1263 




.6506 


14 


K, - .2680 ^^ - .2M0 tfB3 


.2689 X 
.2960 X 


.00005506 

.00004160 


R, 


= 


.4564 
.1481 
.1240 




.7285 


11 


B^ - .4611 i?5 + .0027 ^^ 4- .1476 ^ 


.4511 X 
.0027 X 
.1476 X 


.0000 285 
00005506 
.00004160 


^m 


= 


.1768 

.3285 .5063 




.0015 

.0614 -.0629 




.4424 


9 


B^ - .0191 B^ - .6857 /J, + .2286 Bj^ 


.0191 X 
.6857 X 
.2286 X 


.00004424 
.00007285 
.00005506 


eA» 


= 
= 


.2151 
.0085 
.4990 .7226 




-.1259 




.6967 


6 


R, - .2627 ^^ - .2918 B^ 


.2627 X 
.2918 X 


.00005967 
.00004424 


^ 


= 


.5021 
.1565 
.1291 




.7877 


8 


^, - .361212, - .0088 ^^ + .1292 B^ 


.3612 X 
.0088 X 
.1292 X 


.00007877 
.00005067 
.00004424 


^1 


= 


.1483 
.2845 
.0053 .4381 




—.0572 




.3809 


^ 


Bj,^ + .0680 Bbi - .8494K, + .2164 Bj^ 


.6494 X 
.0680 X 
.2164 X 


.000O78n 
.00003800 


^M 


= 


.2667 

.5110 .7777 




.0259 

.1291 —.1550 




.6227 


A 


/?, - .2495^^, - .2496^1 


.2496 X 
.2496 X 


.00006227 
.00003809 


^l 




.5667 
.1553 
.0951 




.8171 
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Table 16. 

Values of R and for the Symmetrical Three-span Twenty- 
Story Bent Shown in Fig. 5, and the Functions of these 
Values that Occur in the Equations Used to Determine the 
Moments in the Columns and Girders. 



^ 



S + 



For GohimD A* 



u 



I 



ForCohimii B 



%i 



8171 

.7877 
.7285 

0932 
.7093 

.7197 
.7147 

.7867 

.8841 
.8432 

.8140 
.7330 
.6630 

.5850 
.5345 

4448 

.3655 

.2742 

.1836 



6227 
.5967 
&50a 

.S50S 
.540^ 

.5894 
60H 
7446 

.7390 
.7051 

.6508 
.5842 
.5218 

.4578 
.3950 

.3219 
.2527 
1801 

1085 
0517 



3803 
.4424 

4160 

.4011 
.4014 

.4730 
.4846 
.6586 

.6526 
.6018 

.5346 

.4789 
.4224 

.3647 

.3030 

2477 
.1903 
.1361 

0^ 
.0338 



2 4413 
2 3631 
2.1855 

2.0796 
2.1279 

2 1591 
2 1441 
2 3601 

2 6523 
2 5296 

2.4420 
2 1990 
1.9J 

1.7550 
1.6035 

1 3344 

1 0965 

.8226 

.550^ 
.292^ 



2454 
I 1934 
1 1012 

1.1016 
1.0816 

1.1788 

1.2088 

4892 

1.4780 
1 4102 

1 3016 

1 1684 

.0436 

.9156 

.7900 

6438 
.50S4 
.3602 

.2170 
.1034 



.7618 

.8848 
8320 

.8DS2 



9460 

9692 

1.3173 

1 3052 
1.2036 

1.0692 
.9578 

.8448 

.7294 
.6060 

.4954 
.3806 
2722 

.1670 
.0676 



1 6)63 
1 6368 
1 5173 

1 5057 
1.4830 

1.6518 

1 6934 
2.1478 

2 1306 
2 0120 



1 6473 
1.4660 

1 2803 
1.0930 

.8916 
6957 
.4963 

3005 
.1372 



1 3845 
1 4815 

1 3826 

1.3590 
1.3436 

1.5354 
1.5736 
2.0618 

2 0442 
1.9087 

1 7200 
1 5420 
1.3666 

1 1872 
1.0010 

.8173 
.6333 
.4523 

.2755 
.1193 



1.1427 
1.3373 
1.2480 

1 3123 
1 3042 

1.4190 
1 4538 
1 9758 

1.9578 
1.8054 

1.6038 
1.4367 
1.2 

1.0941 
.9090 

.7431 
.5709 
4083 

3505 
.1014 



1.8186 
.5210 
.4415 


1 1969 
.5470 
.4876 


.4276 
.4855 


.4374 
.4955 


.4881 
.3609 

.4067 


.4395 
.3459 
.3665 


.4341 
.3465 


.4297 
.3804 


.3810 
.3132 
.2988 


.4353 

.3798 
.3612 


.2536 
.2939 


.3176 
.3557 


.2325 
.3000 

.1371 


.3956 
.3693 
.2097 


.0631 
.0331 


.1587 
.0809 



20604 
1 1589 

.8847 

.8435 
.9183 



.7135 
.7333 



.6236 



.7088 
.6509 



.5455 

.5711 

.4807 
.4108 
.3059 

.1951 
.0930 



1.6795 

1.0974 

.9111 

.8554 

.9210 

.8117 
.7019 



.6734 

.7710 
7066 
.6653 

.6032 
.6328 

.5360 
.4682 
.3601 

.2477 
.1417 



9 
10 

11 
13 
13 

14 
15 

16 
17 
18 

19 



* N represents the number of the story in queetion, and ( N— 1) the story below. 
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Table 17. 

Values of K for the Columns and the Girders of the Symmetri- 
cal Three-span Twenty-story Bent Shown in Fig. 5, and the 
Functions of these Values that Occur in the Equations 
Used to Determine the Moments in the Columns and Girders. 



1 


IC for Girder 
at Top of 
Story in 


ICfor 


0001 x2£K for 

Ginier at Top of 

Stoiy in 


.0001 X 


2EK for 


Biy 
a 


^ 


Column 
A 


Cohimn 
B 


Bay 
a 


b 


Coluimi 
A 


CollODtt 


1 
2 
3 


305 


373 
29 2 
26.2 


25.8 
35.6 
354 


258 
35.6 
35.5 


177 000 
124100 
124 100 


2i(i2nt^ 
16Q Am 
162 OUU 


I4»a[X> 
205 500 


2lJfl300 


4 
5 




26.2 
23.8 


35.4 
29.4 


35.5 
30.4 


113 050 
113 050 


15:^ m\ 

13SU50 


L^J5 50(l 
170 500 


2t>5»00 
17*1300 


6 

7 
8 




172 
15.7 
9 4 


29.4 
28.7 
28.7 


30.4 
300 
300 


81750 
74 250 
44 600 


n im 

54 50U 


iJO.TtKP 
106 5U0 


!7rt H-fliO 

174 im 


9 
10 




9.4 
9.4 


21 1 
21.1 


26.1 
26.1 


44 600 
44 600 


54 5UI> 


ITl 400 
1^400 


1515(10 
151 300 


11 
12 
13 




9.4 
9.4 
9.4 


18.8 
18.8 
18.3 


19.9 
19.9 
18.6 


44 600 
44 600 
44 600 


54 5UU 
M50rJ 
54 500 


Dry rmj 

lUOiAKI 
106 lUU 


115 400 
1 LS im 
107 000 


14 
15 




94 
9 4 


18.3 
14 3 


18.6 
14 6 


44 600 
44 600 


HSOO 
54 50(j 


looioo 

»3 0UU 


1 107 POO 
S4 6W 


16 
17 
18 




9.4 
9 4 
9.4 


14 3 
13 1 
13 1 


14.6 
13 2 
13 2 


44 600 
44 600 
44 600 


MSOO 

hAm\ 

54500 


K2 0Oa 
7fl(P[)0 
76 000 


A4 60() 
7B500 
76 500 


19 
20 




94 
9.4 


13 1 
13.1 


13.2 
13.2 


44 600 
44 600 


64 H^ 
WSOO 


7fiO00 

7fl {m 


76 WO 
76 500 



"I^ 
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Table 18. 

Moments at the Ends of the Columns and Girders of the Sym- 
metrical Three-span Twenty-story Bent shown in Fig. 5. 

MooMBta ue mpiM w iJ in meh-pooixk. 





Momeatia 


GokmaA* 


MomeatiB 


ahmmB 


MooMnt in Girder 


Mcneatin 
GMcrMTop 

"SSI"- 




1 


I 


T 


1 


II 


II 






*" 


.. "t 


<^ 


fT 


•8^ 


^^ 


n 


1 

o 


+ 


II -f 


+ 


JH- 


"1 -»- 


•§ ^ 




its 




si 






a id 


se 


< CI 


< eS 


< M 


< eS 


< M 


< CI 


< M 


J 


178 800 


272 000 


251000 


308 200 


887 800 


245 000 


247 500 


2 


113 000 


107 500 


236 500 


239 000 


308 000 


184 000 


226 000 


3 


100 300 


90 700 


187 500 


183 000 


187100 


171700 


189 600 


4 


87 800 


87 800 


176100 


173 500 


170 500 


153 600 


184 400 


5 


84 500 


82 800 


163 800 


163 000 


167 700 


152 000 


106 000 


6 


75 000 


83 200 


143 300 


155 700 


135 000. 


185 600 


141600 


7 


57 000 


00 000 


123 000 


134 000 


125900 


117 000 


132 500 


8 


44 400 


67 700 


97 200 


127 500 


05 800 


92000 


107 800 


9 


52 550 


51900 


101200 


103 300 


05000 


91100 


106 800 


10 


46 500 


42 400 


102 000 


94 200 


89 600 


85 000 


96 500 


11 


47 500 


41500 


89000 


81200 


81900 


76 600 


87 500 


12 


41400 


34 100 


81500 


75100 


73 400 


68 600 


78 300 


13 


38 300 


31700 


71800 


65 600 


65 800 


60 800 


60100 


14 


33 700 


26 900 


66100 


58 900 


6700 


52 800 


59 600 


15 


29 420 


24 800 


53 600 


48 350 


48 700 


49 600 


49 600 


16 


24 450 


18 450 


45 400 


40 600 


39 700 


36 400 


40 600 


17 


20 450 


15 400 


35 800 


31400 


31000 


28 200 


31100 


18 


15 920 


10 430 


27 600 


23 400 


23100 


20150 


23 300 


19 


11080 


6240 


18 900 


14 930 


13 380 


12 250 


13 650 


ao 


0150 


1750 


10830 


7040 


6110 


6320 


5530 



*N npretenta the number of the ftoiy in <]welion, tad ( N— 1 ) the ftocy below. 
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Table 19. 

Direct Stresses in the Columns, and the Shears in the Columns 
AND Girders of the Symmetrical Three-span Twenty-story 
Bent shown in Fig. 5. 

All qittDiitiM ue in pooiidi. 



6 
Z 

1 


Shew in 


Shear in Girder nt 
Top of Story in 


Direct Streea in 


Column 
A 


Column 
B 


Bv 
a 


V 


Cohimn 
A 


Cohunn 
B 


18 

19 
20 


1709 
1149 
1136 

1044 
995 

940 
816 
779 

725 
617 

618 
524 
486 

421 
373 

296 
249 
182 

124 
55 


2115 
2 421 
2200 

2060 
1931 

1780 
1709 
1560 

1440 
1363 

1180 

1088 

954 

861 
710 

607 
466 
354 

235 
124 


2020 
1467 
1360 

1228 
1210 

986 
920 
712 

706 
661 

600 
538 
478 

416 
354 

288 
221 
160 

97 
43 


2290 
2095 
1755 

1709 
1536 

1310 

1228 

996 

988 
912 

810 
725 
640 

552 
459 

375 

288 
206 

126 
51 


14 464 
12 444 
10 977 

9 617 
8389 

7 179 
6 193 
5273 

4 561 
3856 

3 195 
2 595 
2 057 

1579 
1163 

809 
521 
300 

140 
43 


4587 
4 317 
3689 

3294 
2 813 

2 489 
2163 
1855 

1571 
1288 

1037 

827 
640 

478 
342 

237 
150 

83 

37 

8 
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Table 20. 

Check on the Numerical Values of the 
Moments at the Ends of the Columns and 
Girders of the Symmetrical Three-Span 
Twenty-Story Bent Shown in Fig. 5. 

Qnantitiea are ia ineb-poaBdi. 

For a perfect eheek the eortfipoiiding (toaatitaea in the two 
sroap of cohimna ihoald be identical. 



d 

1 


ToUl Shear in a Story Mnlti- 
pbed by the Story Height 


1=5 

1 
lit 


Sum of the Monenta in Coiamn 
A iuat above and below 
Girder a at the Top of a 
Story 


H 

aXS 


e - ^ 

•Si: 

nil 


II: 

i! 

•S^* a 


1 


2035 000 


2020 000 


286 300 


287 800 


400 000 


402 500 


2 


1370 000 


1372 000 


203 700 


203 000 


406 500 


410 000 


S 


1 123 000 


1 121000 


187 100 


188 100 


361000 


361300 


4 


1053 000 


1050 400 


170 500 


170 600 


338 100 


338 000 


5 


083 000 


083 200 


167 700 


167 700 


1 318 000 


318 000 


6 


013 000 


014 400 


135 000 


135 000 


S67 300 


267 100 


7 


725 000 


727 200 


125 000 


125 300 


340 500 


240 500 


8 


673 000 


673 600 


05 800 


06 300 


300 500 


100 800 





622 000 


624 000 


05 000 


04 050 


108 400 


107 000 


10 


670 000 


570 200 


80 600 


88 000 


183 200 


183 500 


11 


618 000 


518 400 


81000 


81600 


164 100 


164 100 


12 


466 000 


464 200 


73 400 


72 100 


147 100 


146 000 


13 


414 000 


414 800 


65 300 


65 200 


130 700 


120 000 


14 


363 000 


360 200 


57 000 


58 000 


113 450 


113 400 


15 


311000 


311400 


48 700 


47 870 


04 200 


04 200 


16 


250 000 


250 800 


30 700 


30 850 


76 800 


76 000 


17 


207 500 


206 200 


31000 


30 880 


50 200 


50 300 


18 


155 300 


154 800 


22 100 


22 160 


42 530 


42 450 


19 


103 600 


103 500 


13 380 


13 430 


25 040 


35 000 


20 


51800 


51540 


6 110 


6 150 


10 830 


10 850 
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Table 21. 



Elimination of the Unknown Quantities in the Equations 
Used to Determine the Slopes and the Deflections in 
THE Bottom Story of the Symmetrical Three-Span 
Twenty-Story Bent Shown in Fig. 5, by a Modification 
of the Slope-Deflection Method. 







Lef t-Hand Member of Equation 






III 
III 
















*© « 


Story No. 1 


Story No. 2 


Story 
No. 3 


ii 


^1 


<?A1 


<?B1 


^ 


^Aft 


em 


^ 


Co- 






eflBcient 
of .0001 


A 
B 
C 


-206.8 

- 77.4 

- 77.4 


51.6 
183 8 
30.5 


51.6 
30.5 
295.7 


-106.8 
-106.8 


35.6 


35.6 




-117.2 
0.0 
0.0 


D 
E 
F 




71. 2 
35.6 


71 2 
35.6 


-284.8 
—106.8 
—106.8 


71.2 
220.2 
21.4 


71.2 

21 4 

308.1 


-106 2 
—106.5 


-78.9 
0.0 



G 










141.6 


142 


—283 6 


-64.5 


A 
B 
C 


1 
1 

1 


-0 2495 
-2 3 47 
-0.3941 


—0.2495 
—0.3941 
—3 8204 


1.3798 
1.3798 


-0 4599 


-0 459» 




3667 


A-B 
B-C 






2.1252 
—1.9807 


0.1445 
3 4264 


—1.3798 


0.4599 
—0.4599 


0.459Q 




amt 
ooQoa 


I 
2 

d 

E 




1 
1 
1 
1 


0.0680 

—1.7300 

1.0000 


—0.6494 

-4 0000 
—3.0000 


0.2164 
2322 
1.0000 
6.1856 


-0 23'J1? 
l.Oaiff 
0.6012 


— 2 &^G4 


2M? 

omion 

—1 1082 

oeooo 


1-2 
2-D 

d-e 









1.7980 

-2.7300 

1 0000 


-0.6494 

4.0000 

-1.0000 


—0.0158 
—0 7678 
—5,1856 


0.23:!2 

—1 23112 

39S.S 


2 aS34 


sen? 

1 1(^2 
— I,10«2 


3 

4 
5 
F 






1 

1 
1 


-0.3612 
—1.4052 
—1.0000 
—3 0000 


—0.0088 
0.2812 

—5.1856 
0.6012 


0.12fl.f 
0.45ia 
39H.1 
8.6547 


2 9:^34 
—2 1*915 


148!) 
-ti 4059 
—I 1082 

OOIKIO 


3-4 
4-6 
&-F 











1 1041 

-0 4052 

2.0000 


-0.2900 

5 4668 

—5.7868 


-0.3221; 
0.052.1 
8.255U 


— 2 flS34 
5 9:4t> 


0.55« 

0,7O2S 

— M0S2 


6 
7 
8 








1 
1 
1 


—0.2627 
—11 7.518 
—2 8934 


—0.291.'^' 
—0.1112^ 
— 4.12;9 


ft 4jn 
2 SH7^ 


6021 
-1 BOW 


0-7 

7-8 












11 4801 

— 8 b5i4 


—0 1790 
4.0151 


-fl mi 

3 4252 


3 OlIA 
-0 9554 


9 
10 
G 










1 
1 
1 


—0 015ft 
— 0.45H1 

i.oa-Ki 


-0 5600 
—2 OOICI 


1750 

1079 

-0 4555 


9-10 
10-G 














43-^ 
-1.45713 


-0 173S 
I ONS 


0571 
5634 


11 
12 












1 
1 


-0 aodi' 


(I 1,^30 


11-12 















u 7i:ii 


5305 


13 














I 

i 


im 
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Table 22. 

Determination of the Changes in the Slopes and the Ratio 
OF THE Deflection to Story Height in the Bottom Story of 
the Symmetrical Three-Span Twenty-Story Bent Shown in 
Fig. 5, by a Modification of the Slope-Deflection Method. 



No. of 
Uon 


Tbe fini bae B eMdi croop is the ftlielvM form of the eqvstN^ 
The MMMMiTe liiMi tn the naiMneftl rahM of the tMiM. 


R«k^HuMl 
Meabcrof 

Equtkm 

CoeffieieDtor 
.0001 


13 






«8 


= 


.7500 


11 


<>,«-. 3W1I?3 


.8961 X .00007580 


^ 


- 


.1530 
.2995 




.4525 


9 


e^^ - OlM $„- .MMR^ 


.0150 X .00004525 
.5000 X .00007500 


^Af 


= 


.1750 

.oon 

.4240 
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« 


R^ - Ma? ^A, - .»18 $„ 


.2627 X .00000061 
.2918 X .00004535 


i«t 


= 


.5021 
.1503 
.1320 
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3 


^3j~ .3ei2 R^ - .0088 $j^^ + .1292 ^Bj 


.3613 X .00007934 
.0088 X .00006061 
.1292 X .00004535 

ff 


^1 


= 


.1483 
.2865 

.0053 


.4401 




- 


-.0685 




.3816 


1 


e^, -h WW) (>Bi - M94 /?, + .2164 0j^ 
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.0680 X .00003816 
.2164 X .00006061 
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= 


.2667 
.5150 


.7817 




0260 
!l313 - 


-.1573 




.6344 


A 


Uj _ .2495 Bj^i - .2495 ^p, 


.2495 X .00006244 
.2495 X .00003816 


'^l 


_ 


.5667 
.1556 
.0951 




.8174 
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Table 27. 

Effect of the Proportions of a Bent Upon the Accuracy of Method I. 

All Girder Sections Are the Same. 

AH ■lariM of a beat an identied. tad the ihean oo aU stories are equal AU eohmm sections an equal, aU girder sections 
are equal, aad the cokimn seetions are equal to the girder sections. 

For each best the upper fine is the moment in per oent of IF x *, and the lower line is the monwnt inper eent of the moment 

di4ermined by the slope-deflection method. 





IVuportions of 
dMBent 


Moment at Top 

and Bottom 01 

CohimnA 


Moment at Top 

and Bottom of 

Cohimnil 


Moment at Right 
EndofOirdera 


Moment at Left 
EndofOirdera 


Moment at End 
of Girder 6 




Ratio of 

foWSih 
ofBaya 


Ratio of 
Widtiiof 
Bay a to 
^tiiof 
Bay6 


Olnna 


Metiiod 

I 


tion 
Method 


MetiK)d 

I 


tion 
Metiiod 


MetiK)d 

I 


tion 
Metiiod 


Metiiod 
I 


tion 
Metiiod 




1 


tion 
Method 


Metiiod 

I 




2 


2 


9.09 


9.62 


15.91 


15.38 


18.20 


19.24 


13.67 


19.24 


18.20 


11.52 








lOO.O 


/0J.9 


too,o 


96.5 


too.o 


tos.9 


too.o 


'40.7 


too.o 


63 2 




2 


1 


10.00 


7.50 


15.00 


17.50 


20.00 


15.00 


16.66 


15.0 


13.33 


20.00 








too.o 


750 


too.o 


tt6.5 


too.o 


75-0 


too.o 


90.0 


too.o 


7JO.O 




2 


0.5 


10.87 


5.00 


14.13 


20.00 


21.70 


10.00 


19.54 


10.00 


8.70 


30.00 








lOO.O 


46.0 


too.o 


t4''5 


too.o 


46.1 


too.o 


St. 2 


too.o 


343 




1 


2 


8.00 


0.62 


16.91 


15.38 


16.18 


19.24 


13.23 


19.24 


20.60 


11.52 








too.o 


ttQ.OO 


too.o 


90.9 


too.o 


tt9-3 


too.o 


1453 


too.o 


33.9 




1 


1 


9.38 


7.50 


15.62 


17.50 


18.75 


15.00 


16.66 


15.00 


14.60 


20.00 








too.o 


79 9 


too.o 


ttt .9 


too.o 


80.0 


too.o 


90.0 


too.o 


t37'0 




1 


0.5 


10.53 


5.00 


14.47 


20.00 


21.04 


10.00 


19.74 


10.00 


9.20 


30.00 








too.o 


47.5 


too.o 


138.0 


too.o 


47. S 


too.o 


30.6 


too.o 


326.0 




0.5 


2 


7.32 


9.62 


17.67 


15.38 


14.66 


19.24 


12.93 


19.24 


22.40 


11.52 








too.o 


'31.3 


too.o 


87.0 


too.o 


l3t.o 


too.o 


i49'0 


too.o 


31.3 




0.5 


1 


8.93 


7.50 


16.06 


17.50 


17.84 


15.00 


16.66 


15.00 


15.45 


20.00 








too.o 


83.9 


too.o 


to8.7 


too.o 


83-9 


too.o 


po.oo 


700.0 


i29 3 




0.5 


0.5 


10.33 


5.00 


14.68 


20.00 


20.61 


10.00 


19.76 


10.0 


9.60 


30.00 








too.o 


48.4 


700.0 


t36.t 


too.o 


48. s 


too.o 


30.6 


700.0 


312.0 
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Table 28. 

Effect of the Proportions of a Bent Upon the Accuracy of Method I. 

All Girders Proportional to the Bending Moments. 

Al stann of a beat ii« idsBtieal ud the ihean oa all ftohei are equal. AD eolninD sectaoM are equal the moaeBts of 
iaortia of eohuiB ^4 aad gkdera areeqvalaad theratnof theoMneatof iiiertiaof girder a tothe mooMBtof iacrtiaaf 
girder 6 eqittb the ratio of the beodug mooiestm ginler a to the bcodiog iBoiDe&t in gir^ 



For each beat the 



Kaeiithei 



neat ia per eeat of IF X A, and the lower hue M the I 
aa determiaed fay the Aip^defleetioa method. 



at in per eeat of the i 





' ^aBeat 


MooicatatTDp 

aad Bottom of 

CohimaA 


MomeatatTop 

and Bottom of 

CohuaaB 


Moment at R«ht 
EDdofGkdera 


MomeatatLeft 
End of Girder a 


Moment at Eod 
ofGinkrfr 


6 
Z 

1 


Ratio of Ratio of 

Stonr Width of 

He^t Basra to 

to Width Width of 

ofBayoi Bay 6 


EX. 

tion 
Methed 


Method 

I 


tioB 
Method 


Method 

I 


tioB 
Method 


Method 

I 


tion 
Method 


Method 


tioa 
Method 


Method 

I 


1 


2 


2 


9 75 

too.o 


9.62 

9S.8 


15.25 

lOO.O 


15.38 
too. 5 


10.50 
too.o 


19.24 

98.8 


16.05 
too.o 


19.24 
120.0 


14.45 
100.0 


11.52 
79.6 


2 


2 


1 


9.eo 

too.o 


7.50 
78. t 


15.40 
too.o 


17.50 


10.2 
too.o 


15.00 
78.1 


15.60 
too.o 


15.00 
96.1 


15.20 
too.o 


20.00 


3 


2 


0.5 


9 45 

too.o 


5.00 

52. Q 


15.55 
100.0 


20.00 
i2g.o 


18.9 
too.o 


10.00 
52.9 


15.10 

lOO.O 


10.00 

66.3 


16.00 
too.o 


30.00 
187.5 


4 


1 


2 


9.05 
too.o 


9.62 
to6.2 


15.95 
too.o 


15.38 
96.2 


18.10 

700. 


19.24 
106.2 


16.70 

lOO.O 


19.24 
122.5 


16.20 
100.0 


11.52 
92.6 


5 I 


1 


8.85 
too.o 


7.50 

84.8 


16.15 
too.o 


17.50 
to8.3 


17.70 
too.o 


15.00 
84.8 


15.20 
too.o 


15.00 
98.8 


17.10 
100.0 


20.00 
117.0 





• 


0.5 


8. GO 
too.o 


5.00 
58.0 


16.40 
too.o 


20.00 

t22.0 


17.20 
too.o 


10.00 

58.1 


14.7 

lOO.O 


10.00 
68.0 


18.1 
too.o 


30.00 

165.8 


7 


5 


2 


8.55 
too.o 


9.62 

tt2.3 


16.45 
100.0 


15,38 
032 


17.10 
too.o 


19.24 
112.5 


15.80 
too.o 


19.24 
122.0 


17.1 
too.o 


11.52 
67.3 


8 


5 


1 


8.30 
too.o 


7.50 
90. J 


16.70 
too.o 


17.50 
toso 


10.60 

fOO.O 


15.00 
90.4 


15.20 
100.0 


15.00 
98.8 


18.2 
100.0 


20.00 
110.0 


9 


0.5 


0.5 


8.00 
too.o 


5.00 
62. 5 


17.00 
too.o 


20.00 
117. 5 


16.00 
too.o 


10.00 

62.5 


14.60 
100.0 


10.00 

68.5 


19.4 
100.0 


30.00 
t54.8 
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Table 29. 

Effect of the Proportions of a Bent Upon the Accuracy of 

Method II. 



AU stomt of a bent ii« identioU and the ehean on all ftoriei are equal. All oohimn seetiona are equal, the momenta of 
inertia of eolomn A and girder a are eqnaL and the ratio of the moment of inertia of xirder a to the moment of inertia of 
gilder 6 eqoak the ratk) of the bending moment in girder a to the bending moment in ginier 6, aa determined bjr method U. 

For eneh bent the opper line ia the moment in per eent of (Fx A. and the lower line is the moment in per oent of the moment 
aa determined by the alopedeflection method. 





PNmortionaof 
^Bent 


Moment at Top 

and Bottom of 

Column /4 


Moment at Top 

and Bottom of 

Column B 


Moment at Right 
EndofGirdera 


Moment at Left 
EndofGirdera 


Moment at End 
of Girder b 


6 

1 


Ratio of 

O^t 
to Width 
of Bay a 


Ratio of 
Width of 
Bay a to 
Width of 
Bay6 


tion 
Method 


Method 
II 


tion 
Method 


Method 
II 


tion 
Method 


Method 
II 


tion 
Method 


Method 
II 


tion 
Method 


Method 
II 




2 
2 
2 


2 
1 
0.5 


9.65 
too.o 

10.55 
too.o 

11.25 
too.o 


12.50 
t20.5 

12.50 
ttS.5 

12.50 

tit .0 


15.35 
too.o 

14.45 
100.0 

13.75 

100.0 


12.50 

81.5 

12.1:0 

86.5 

12.50 
01 .0 


19.30 
too.o 

21.10 
too 

22.50 
too.o 


25.00 
120 5 

25.00 
118.5 

25.00 
iit.i 


15.45 
100.0 

18.30 
100.0 

20.95 
100.0 


8.33 
53. 

8.33 
45.6 

8.33 
30.8 


15.25 
too.o 

10.60 
too.o 

6.55 
100.0 


16.66 
100.3 

16.66 
157.1 

16.66 
255.0 




1 

1 
1 


2 

1 
0.5 


8.82 
too.o 

10.10 
too.o 

11.00 
too.o 


12.50 
141 .S 

12.50 
123.8 

12.50 
113. 5 


16.18 
100.0 

14.90 
too.o 

14.00 
100.0 


12.50 
77.3 

12.50 

83.0 

12.50 

89.3 


17.64 
100.0 

20.20 
100.0 

22.00 
100.0 


25.00 
141.8 

25.00 
124.0 

25.00 
1137 


15.26 
100.0 

18.45 
too.o 

21.20 
too.o 


8.33 
54.6 

8.33 
45.20 

8.33 

30. 3 


17.10 
100.0 

11.35 
100.0 

6.80 
too.o 


16.66 
07. 5 

16.66 
146.8 

16.66 
245.0 




0.5 
0.5 
0.5 


2 
1 

0.5 


8.30 
too.o 

9.80 
too.o 

10.85 
too.o 


12.50 
150.6 

12.50 
127.5 

12.50 
115.2 


16.70 
too.o 

15.20 
too.o 

14.15 
too.o 


12.50 

74. 

12.50 
82.3 

12.50 

88.4 


16.60 
too.o 

19.60 
too.o 

21.70 
too.o 


25.00 
150.7 

25.00 
127.0 

25.00 
115.0 


15.20 
100.0 

18.55 

700. 

21.40 
100.0 


8.33 

54. 

8.33 

44. 

8.33 

38.0 


18.20 
100.0 

11.85 
100.0 

6.9 
too.o 


16.66 
91 .6 

16.66 
140.5 

16.66 
241.5 
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Table 30. 

Effect of the Proportions of a Bent Upon the Accuracy 
OF Method III. 



AUftonMofabwtira idaatinl aad the thnn OS tB Btoriet an aqpaL AB < 
iavtiaofoohiwi Aaad«iwlwaw<Q«al,aad theratioof the»o— t of b 
oofthebtt • 



Cirder » eqoak the ratio of the bendiac I 



at in ginier a to the beadoic ■ 



J ate eqwal, the ■n«mH of 

I of girder « to the BMMMrt of iMrta of 
t is cinler fr. ae deterniMd bjr BBthod m. 



For 



eaeh beirt the muNr Mm is the BKNMBt is per eod of Wz h. aad the bvcr Im is 
as detcnaiMd fagr the dopesMeetioa nethod. 



isthei 



tinpcreaatofthea 





•^S" 


MoBCBt at Top 

aad Bottom of 
CohiamA 


MooMatalTflB 

aodBottoMoT 

CohiauB 


Mom«tatR«hi 
Ebd of Girder « 


Moment at Left 
EodofGirdcra 


MoaMBtatEkd 
ofGinkrft 


o 


Ratio of 

towldUi 
oTBaya 


Ratio of 
Width of 
Bayato 
Width of 
Bay6 


tioa 
Method 


Method 

in 


tiOB 

Method 
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Table 31. 

Effect of the Proportions of a Bent Upon the Accuracy 
OF Method IV. 

AD ■tones of a bent are identieal and the ihcan on all atoriea are equal. All ooloron leetions are equal, the moments of 
inertia of eolomn A andnrder a are equal, and the ratio of the moment of inertia of girder a to the moment of inertia of 
girder ft equals the ratio of the bending moment in girder a to the bending mmnent in girder fr, as determined bjr method IV. 

For cadi bent the ui^cr line is the moment in per cent of fFx A, and the fewer line is the moment in per cent of the momoit 
as determined by the sbpe-defleetion method. 
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Table 32. 
Log of the Test of Celluloid Model No. 4. 









Chanfe in Sbpe MeaMrad on an Are Haring a 19-ineh lUdina. in Inches. 






Homontal Deflection 

at 

Cester of Qinier 








Force at Top of Model 


Foiw at Top of Modd 




6 


at 


Acting Toward the Right 


Acting Toward the Left 




Top of Story 






o 


a 


in Inches 












^ 




tf at Top of 


at Top of 


at Top of 


tf atTc^ol 


1 


1 




Oohimn A 


Column B 


Colomn A 


Cobmn A 












Right- 


Left- 


R«ht- 


Left. 


R«ht- 


Left- 


Right- 


Left- 






Rij?ht. 


Mid. 


Left- 


Hand 


Hand 


Hand 


Hand 


Hand 


Hand 


Hand 


Hand 






Hand 


die 


Hand 


Side of 


Side of 


Side of 


Side of 


Side of 


Sdeof 


Side of 


Side of 






Span 


Span 


Span 


Model 


Model 


Model 


Model 


Model 


Model 


Model 


Model 




1 5 


04 


04 


.04 


.20 


.20 


.09 


.10 


19 


.18 


09 


10 


1 


3 n 


.08 


08 


.08 


.40 


40 


20 


21 


40 


.40 


19 


23 




4 5 
1 5 


11 


.11 


11 


61 


M 


31 


33 


61 


63 


30 


38 


~ 


08 


06 


08 


.21 


21 


10 


.10 


.19 


19 


11 


10 


? 


3 


16 


.16 


16 


.43 


43 


21 


.20 


41 


41 


24 


22 




4 5 

1 5 


25 


24 


.24 


66 


.66 


34 


33 


.63 


66 


37 


37 




.14 


14 


14 


.18 


17 


.11 


12 


17 


16 


13 


14 


3 


3 


.28 


29 


.28 


37 


35 


26 


.26 


36 


35 


.26 


29 




4 5 


42 


42 


42 


50 


54 


39 


40 


56 


55 


40 


42 




1 5 


.18 


.18 


.18 


.13 


10 


.06 


.07 


.13 


.09 


.06 


.07 


4 


3 


36 


36 


37 


.25 


19 


13 


.15 


.26 


.20 


13 


15 




4 5 


55 


55 


55 


.40 


30 


20 


.22 


39 


27 


18 


25 



Digitized by 



Google 



PUBLICATIONS OP THE ENGINEERING EXPERIMENT STATION 

Buttfiin No. /. Te»U of Reinforced Concrete Beams, by Arthur N. Talbot 1904 
NoH€ ovoitohltt 

Circular No. I. High-Speed Tool SteeU. by L. P. Breckenridge. 1906. Nong avaiiabU. 
BulUtin No. #. Teste of High-Speed Tool Steels on Cast Iron, by L. P. Breckenridge 
and Henry B. Dirks. 1906. None availabU. 

Circular No, 2. Drainage of Earth Roads, by Ira O. Baker. 1906. Nont available. 
Circular No. 3. Fuel Teste with Illinois Coal (Compiled from teste made by the Tech- 
nologic Branch of the U. S. a S., at the St. Louis, Mo.. Fuel Testing PUnt, 1904-1907X, 
by L. P. Breckenridge and Paul Diserens. 1909. Thtrtif cents. 

Bulletin No. 3. The Engineering Experiment Stetion of the Unirersity of Illinois, by 
L. P. Breckenridge. 1906. None available. 

Bulletin No. 4. Teste of Reinforced Concrete Beams, Series of 1906. by Arthur N. 
Talbot 1906. Forty- five cents. 

Bulletin No. $. Resistance of Tubes to Collapse, by Albert P. Carman and M. L. Carr. 
1906. Non€ available. 

Bulletin No. 6. Holding Power of Railroad Spikes, by Roy I. Webber. 1906. None 
available. 

Bulletin No. 7. Fuel Teste with Illinois Coals, by L. P. Breckenridge, S. W. Parr, and 
Henry B. Dirks. 1906. None available. 

Bulletin No. 8. Teste of Concrete: I. Shear; II. Bond, by Arthur N. Talbot. 1906. 
None available. 

Bulletin No. 9. An Extension of the Dewey Decimal System of Classification Applied 
to the Engineerins Industries, by I« P. Breckenridge and G. A. Goodenough. 1906. Rerised 
Edition 1912. Fifty cents. 

Bulletin No. 10. Teste of Concrete and Reinforced Concrete Columns. Series of 1900. 
by Arthur N. Talbot. 1907. None available. 

Bulletin No. rt. The Effect of Scale on the Transmission of Heat Through LocomotiTC 
Boiler Tubes, by Edward C. Schmidt and John M. Snodgrass. 1907. None available. 

Bulletin No. 12. Tests of Reinforced Concrete T-Beams. Series of 1906, by Arthur N. 
Talbot 1907. None available. 

Bulletin No. 13. An Extension of the Dewey Decimal System of Classification Applied 
to Architecture and Building, by N. Clifford Ricker. 1907. None available. 

Bulletin No. 14. Tests of Reinforced Concrete Beams. Series of 1906, by Arthur N. 
Talbot. 1907. None available. 

Bulletin No. 1$. How to Burn Illinois Coal Without Smoke, by L. P. Breckenridge. 
1908. Twenty-five cents. 

Bulletin No. 16. A Study of Roof Trusses, by N. Qifford Ricker. 1908. Fifteen cents. 

BulUtin No. n. The Weathering of Coal, by S. W. Parr. N. D. Hamilton, and W. F. 
Wheeler. 1908. None available. 

Bulletin No. t8. The Strength of Chain Links, by G. A. Goodenough and L. E. Moore. 
1908. Forty cents. 

Bulletin No. 19. ComparatiTe Tests of Carbon, Metallized Carbon and Tantalum Fila- 
ment Lamps, by T. H. Amrine. 1908. None available. 

Bulletin No. 20. Teste of Concrete and Reinforced Concrete Columns. Series of 1907, 
by Arthur N. Talbot 1908. None available. 

Bulletin No. 2t. Teste of a Liquid Air Plant, by C. S. Hudson and C. M. Garland. 
1908. Fifteen cents. 

Bulletin No. 22. Tests of Cast-Iron and Reinforced Concrete Culvert Pipe, by Arthur 
N. Talbot 1908. None available. 

Bulletin No. 23. Voids. Settlement, and Weight of Crushed Stone, by Ira O. Baker. 
1908. Fifteen cents. 

^Bulletin No. 24. The Modification of Illinois Coal by Low Temperature Distillation, 
by S. W. Parr and C. K. Francis. 1908. Thirty cents. 

Bulletin No. 25. Lighting Country Homes by Private Electric Plants, by T. II. Amrine. 
1908. Twenty cents. 

Bulletin No. 26, High Steam-Pressures in Locomotive Service. A Review of a Report 
to the Carnegie Institution of Washington, by W. F. M. Goss. 1908. Twenty-five cents. 

Bulletin No. 27. Tests of Brick Columns and Terra Cotta Block Columns, by Arthur 
N. Talbot and Duff A. Abrams. 1909. Twenty- five cents. 

Bulletin No. 2S. A Test of Three Large Reinforced Concrete Beams, by Arthur N. 
Talbot 1909. Fifteen cents. 

Bulletin No. 29. Tests of Reinforced Concrete Beams: Resistance to Web Stresses. 
Series of 1907 and 1908, by Arthur N. Talbot. 1909. Forty- fve cents. 

^Bulletin No. 30. On the Rate of Formation of Carbon Monoxide in Gas Producers, by 
J. K. Qement. L. H. Adams, and C. N. Haskins. 1909. Twenty-five cents. 

^Bulletin No. 31. Fuel Tests with House-heating Boilers, by J. M. Snodgrass. 1909. 
Fifty-five cents. 

Bulletin No. 3^. The Occluded Gases in Coal, by S. W. Parr and Perry Baijcer. 1909. 
Fifteen cents. 

Bulletin No. 33- Tests of Tungsten Lamps, by T. H. Amrine and A. Guell. 1909. 
Twenty cents. 

^Bulletin No. 34. Tests of Two Types of Tile-Roof Furnaces under a Water-Tube 
Boiler, by J. M. Snodgrass. 1909. Fifteen cents. 

Bulletin No. 35. A Study of Base and Bearing Plates for Columns and Beams, by 
N. Clifford Ricker. 1909. Twenty cents. 

•Bulletin No. 36. The Thermal Conductivity of Fire-Qay at High Temperatures, by 
J. K. Qement and W. L. Egy. 1909. Twenty cents. 

Bulletin No. 37. Unit Coal and the Composition of Coal Ash. by S. W. Parr and W. F 
Wheeler. 1909. Thirty- five cents. 

^Bulletin No. 38. The Weathering of Coal, by S. W. Parr and W. F. Wheeler. 1909. 
Twenty- five cents. 



*A limited number of copies of those bulletins which are starred are available for free 
distribtttioii. 

Digitized by VJ^^VJV 1^ 



Forty t 



PUBLICATIONS OP THE ENGINEERING EXPERIMENT STATlOlf 

•BuUttim No. jg. TesU of Washed Grades of lUinoU Coal, by C. S. McGoTney. 1JH». 
Stvtnty-fiv€ cents. 

BulltHn No. 40, A Study in Ucat Transmismon, by J. K. Clement and C. M. Garland. 
1910. Ttn cents. 

•BnitHim No, 4t, TetU of Timber Beams, by Arthur N. Talbot 1910. Twtoniy eomis. 

^BmtiHin No, 4»* The Effect of Keywayt on tbe Strength of Shafts, by Herbert F. 
Iloore. 1910. Ton conU, 

BmOoHm No, 43. Freight Train RestsUnce, by Edward C. Schmidt 1910. Sovomiy- 
fivoconU. 

Bullotin No, 44, An InTestigation of Built-up Columns Under Load, by Arthur N. 
Tftlbot and Herbert F. Moore. 191L Tkwty-^o conU, 

•BnttoHn No, 45, The Strength of Oxyacetylene Welds in Steel, by Herbert L. Whitte- 
more. 191L Tkirty-fve cents, 

•BuUoHn No, 46, The SponUneous Combustion of Coal, by S. W. Parr and F. W. 
ICressmann. 1911. Forty- ftvo cents, 

^Bulietin No, 47, Magnetic Properties of Heusler Alloys, by Edward B. Stephensca. 
191 L Twenty- five cents, 

*BnUetin No, 4B. ResisUnce to Flow Through LocomotiTc Water Columns, by Artfanr 
N. Talbot and Melrin L. Enger. 1911. Forty cents. 

•Bnlletin No. #. Tests ot Nickel-Steel RiTcted Joinu, by Arthur N. Talbot and Her> 
bert F. Moore. 19lL Thirty cents. 

*BnUetin No, 50. Tests of a Suction Gas Producer, by C. M. Garland and A. P. Kratx. 
191i. Fifty cents. 

•Bnlietin No, 5/. Street Lighting, by J. M. Bryant and H. a Hake. 1919. Tkirty 
(he cents. 

•Bnlietin No, 5/. An InTestigation of the Strength of RoUcd Zinc, by Herbert F. 
Moore. 1911. Fifteen cents. 

•Bnlietin No. 53. Inductance of Coils, by Morgan Brooks and H. M. Turner. 191S. 

y cents, 

•Bnlietin No. 54, Mechanical Stresses in Tra n smi s sion Lines, by A. GuelL 191t. 
Twenty cents, 

•Bnlietin No, $$. SUrting Currents of Transformers, with Special Reference to Trans- 
formers with Silicon Steel Coies, by Trygre D. Yensen. 1911. Twenty cents. 

•Bnlietin No, j6. Tests of Columns: An Investigation of the Value of Concrete me 
Reinforcement for Structural Steel Columns, by Arthur N. Talbot and Arthur R. Lord. 191S. 
Twenty-five cents, 

•Bnlietin No, 57. Superheated Steam in LocomotiTc Senrice. A Reriew of Publication 
No. 117 of the Carnegie Institution of Washington, by W. F. M. Goss. 1911. Forty cenU. 

•Bnlietin No. A A New Analysis of the Cylinder Performance of Reciprocating En- 
gines, by J. Paul Clayton. 1911. Sixty cents. 

•Bnlietin No, 5p. The Effect of Cold Weather Upon Train Resistance and Tonnage 
Rating, by Edward C Schmidt and F. W. Marquis. 1911. Twenty cents, 

•Bnlietin No, 60, The Coking of Coal at Low Temperatures, with a Preliminary Stndy 
of the By-Prodttcts, by S. W. Parr and H. L. Olin. 1911. Twenty-five cents, 

•BnUetin No. 6r, Characteristics and Limitations of the Series Transformer, by A. R. 
Anderson and H. R. Woodrow. 1911. Twenty-five cents: 

Bnlietin No. 6s. The Electron Theory of Magnetism, by Elmer H. Williams. 1911. 
Thirty-five cents, 

^Bnlietin Ni ^ 
Richards. 1911. twenty-five cents. 

•Bnlietin No, 64. TesU of Reinforced Concrete Buildings Under Load, by Arthur N, 
Talbot and Willis A. Slater. 1911. Fifty cents, 

•Bnlietin No. 65. The St^am Consumption of Locomotiye Engines from the Indicator 
Diagrams, by J. Paul Qayton. 1911. Forty cents, 

Bnlietin No, 66. The Properties of Saturated and Superheated Ammonia Vapor, by G. 
A. Goodenoufh and William Earl Mosher. 1911. Fifty cents. 

Bnlietin No, 6f. Reinforced Concrete Wall Footings and Column Footings, by Arthnr 
N. Talbot 1911. Fifty cents, ^^ ^ ^^ 

•Bnlietin No, 68, Strength of I-Beams in Flexure, by Herbert F. Moore. 1911. Twenty 
cents, 

•Bnlietin No, 69. Coal Washing in Illinois, by F. C Lincoln. 1911. Fifty cents. 

BnUetin No. 70, The Mortar-Making Qualities of Illinois Sands, by C. C Wiley. 1911. 
Twenty cents, 

•Bnlietin No, ft. Tests of Bond between Concrete and Steel, by Duff A. Abrams. 1914. 
One dollar, 

•Bnlietin No. 7f Magnetic and Other Properties of Electrolytic Iron Melted In 
Vacuo, by Trygye D. Yensen. 1914. Forty cents, 

•Bnlietin No. 73- Acoustics of Auditoriums, by F R. Watson. 1914. Twenty cents 

•BnUetin No. 74, The Tractive Resistance of a 18-Ton Electric Car, l^ HaroM H. 
Dunn. 1914. Twenty-five cents, 

BuUetin No. 75' Thermal Properties of Steam, by G. A. Goodenough. 1914. Thirty- 
five cents 

•Bulletin No. 76. The Analysis of Coal with Phenol as a Solvent, by S. W. Parr and 
H. F. Hadley. 1914. Twenty^five cents. 

•BuUetin No. 77. The Effect of Boron upon the Magnetic and Other Properties of 
Electrolytic Iron Melted in Vacuo, by Trygve D. Yensen. 1916. Ten cents. 

•BuUetin No. 78. A Study of Boiler Losses, by A. P. Kratz. 1916. Thirty- five cents 

•Bulletin No, 78. A Study of Boiler Losses, by A. P. Kratz. 1915. Thirty five cents. 

*BuUetin No. 79. The Coking of Coal at Low Temperatures, with Special Reference to 
the Properties and Composition of the Products, by S. W. Parr and H. L. Olin. 1915 
Twenty -five cents. 

*BuUettn No. 80. Wind Stresses in the Steel Frames of Office Buildings, bv W M 
Wilson and G. A. Maney. 1915. Fifty cents. • • ^ 

'AJimited number of copies of those bulleUns which are sUrred are available "for^lree 



•Bulletin No, 63. Entropy-Temperature and Transmission Diagrams for Air, by C R. 
. Twen' ' 



THE UNIVERSITY OF ILLINOIS 

TriE STATt; UNIVERSITY 

Urbaha 

Edmund J. James, Ph. D., LL. IX, President 



The University iiichKles the following departments: 

The Graduate School 

The College of Liberal Arts and Sciences (Ancient and Modern Lao 
guages and Literatures; History, Economics and Accountancy, 
Political Science. Sociology; PhUosophy, Psychology, Education; 
^Mathematics ; Astronomy; Geology; Physics; Chemistry; Botany, 
Zoology, Entomology; rhysiology; Art and Design; Ceramics) 

The College of Bi%ineermg (Architecture; Architectural, Civil, Elec- 
trical, Mechanical, Mining, Municipal and Sanitary, and Railway 
Engineering) 

The Cc^ege of Agriculture (Agronomy; Animal Husbandry; Dairy 
Husbandry; Eforticulture and Landscape Gardening; Veterinary 
Science; Agrictiltural Extension; Teachers' Course; Household 
Science) 

The College of Law (three years' course) 

The School of Education 

The Courses in Business (Cieneral Business; Banking; Accountancy; 
Railway Administration; Insurance; Secretarial; Commercial 
Teachers') 

The Course ha, Journalism 

The Course in Chemistry and Cheiqical Engineering 

The Course in Ceramics and Ceramic Engineering 

The Sehool of Bailway Engineering and Administration 

The School^ of Music (four years' course) 

The School of Library Science (two years^ course) 

The College of Medicine (in Chicago) 

The College of Dentistry (in Chicago) . 

The School of Pharmacy (in Chicago; Ph. G. and Ph. C. courses) 

The Summer Scission (eight weeks) 

Experiment Stations: U. S. Agricultural Experiment Station; En- 
gineering Experiment Station; State Laboratory of Natural His- 
tory; State Entomologist's Office; Biological Experiment Station 
on Illinois River; State Water Survey; State Geological Survey; 
Mine Rescue Station 

The library collections contain (May 1, 1914) 295,000 volumes, in- 
cluding the library of the State Laboratory of Natural History., 
the Quioe Medical Library and- the library of the School of 
Pharmacy. 

For catalogs and information address 

THE REGISTRAR, 

UfhanOf Illinois, 



Digitized by 



Google 



Digitized by Vj\JliviC 



Digitized by 



Google 



Digitized by 



Google 



Digitized by 



Google 



^M 


^^^^H 


1 


THS NRW 

mmn 

tmkt 


YORK rUDUC UBRARY ^^^^^^H 


mmd^f »• elrvitMitftfKc* to ^ ^^^^^^^^^^H 






^^^^^^^^^^^^^^^^^^^H 




^^^^H 






^^^^H 


^^^^^^H 






^^^^H 


^^^^^^H 






^^^^H 


^^^^^^H 






^^^^H 


^^^^^^H 






^^^^H 


^^^^^^H 




1 » 


^^^^1 


^^^^^^H 






^^^^H 


^^^^^^1 






^^^^1 


■ 






^^^^1 






^^^^1 






^^^^1 






^^^^1 






^^^^1 


^^^^^^^1 


imttm tm 




^^^^H 


I 


■ 


^^L)igitized by i " '^'^■^^^^H 



